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INTRODUCTION 

S o l u b i l i t y  parameters  provide a means t o  expla in  and p r e d i c t  
s o l u b i l i t i e s  of bo th  pure and mixed mater ia l s  (1). Although computation 
of s o l u b i l i t y  parameters involves  i d e a l i z e d  approximations, it provides  
a va luable  t o o l  i n  appl ica t ions  a s  d i v e r s e  a s  p a i n t  and polymer 
formulation and chromatographic ana lys i s .  Calculat ion of s o l u b i l i t y  
parameters has  been extended t o  s u p e r c r i t i c a l  f l u i d s  (2) and we a r e  
cur ren t ly  i n v e s t i g a t i n g  i t s  u t i l i t y  i n  our  research concerning t h e  
ex t rac t ion  of  o i l  seeds and o ther  mater ia l s .  

q u a n t i t a t i v e l y  wi th  a Jurgeson gage (Jurgeson Gage and Valve Co., 
Burington, MA) designed f o r  pressures  up t o  10,000 p s i  were not  
successful  because of  a tendency f o r  drople t s  t o  hang up i n  t h e  
apparatus. The gage however did provide an opportuni ty  t o  observe when 
two c l e a r  phases were present .  We were a b l e  t o  use a small ,  s t i r r e d  
reactor  f o r  mixing and f o r  sampling from both phases a f t e r  e q u i l i b r a t i o n  
t o  overcome the  problems of the  Jurgeson gage. S o l u b i l i t y  parameter 
d i f fe rences  between s u p e r c r i t i c a l  carbon dioxide and l iqu id  s o l u t e  were 
calculated from composition of t h e  two phases. For the  s e r i e s  of 
experiments d i scussed  here ,  we s e l e c t e d  t h r e e  vegetable  o i l s  and, f o r  
cont ras t ,  four p o l a r  l i q u i d s  which were expected t o  give r e l a t i v e l y  
higher d i f fe rences  i n  s o l u b i l i t y  parameter than  t h e  o i l s .  

Attempts t o  measure s o l u b i l i t y  i n  s u p e r c r i t i c a l  f l u i d s  

EXPERIMENTAL 

The soybean o i l  s e l e c t e d  was a re f ined ,  bleached and deodorized 
commercial o i l ,  whereas t h e  c a s t o r  o i l  was a cold-pressed product  
obtained from a l o c a l  drug s t o r e .  Jojoba o i l  had been ex t rac ted  with 
s u p e r c r i t i c a l  carbon dioxide from nuts  obtained from a commercial 
suppl ie r .  The g l y c e r o l ,  e thylene g lycol  and n-butanol were reagent 
grade, whereas t h e  t r i e t h y l e n e  g lycol  was l i s t e d  a s  pur i f ied .  
obtained from F i s h e r  Chemical Co. Carbon dioxide used i n  these  
experiments was Carbon Dioxide Liqui f ied  UN2187 (Matheson Divis ion,  
Sear le  Medical Products  Inc . )  furnished i n  tanks without  dip tubes.  

Our s t i r r e d  r e a c t o r  was a 300 cc Bench Scale  Magne-Drive Packless  
Autoclave (Autoclave Engineers I n c . ,  2930 West 22nd S t r e e t ,  E r i e ,  PA 
16512). The autoclave had two sampling p o r t s ,  one of which was used t o  
sample from t h e  upper phase. The o ther  p o r t ,  equipped with a d ip  tube,  
was used f o r  sampling from t h e  lower phase. The reac tor  was equipped 
with a gas d i s p e r s i o n  impel ler  f o r  mixing. Temperature of the  system 
(52' o r  72O) was maintained by thermosta t ica l ly  cont ro l led  e x t e r n a l  
heat ing t a p e s  p laced  on t h e  head and j a c k e t  of  t h e  reac tor .  Both 
ex terna l  and i n t e r n a l  reac tor  temperatures were measured with 
thermocouples. 
ra ted ,  two-stage, double-ended, e l e c t r i c  motor-driven, diaphragm 
compressor (Aminco Model 546-13427, American Instrument Company, 
Divis ion of Travenol Laborator ies ,  I n c . ,  830 Georgia Avenue, S i l v e r  
Springs,  MD 20190). 

F i f t y  m l .  of l i q u i d  was placed i n  t h e  s t i r r e d  reac tor  and carbon 
dioxide a t  s u p e r c r i t i c a l  temperature  charged i n t o  t h e  system u n t i l  t h e  
desired pressure  was obtained.  A l l  charges were mixed a t  1,000 rpm f o r  
a t  l e a s t  10  min and s e t t l e d  f o r  t h e  same length  of time before sampling. 

A l l  were 

Pressure  i n  t h e  system was maintained with a 30,000 p s i  
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Use of longer agitation times did not appear to change results. At 
least 3 and frequently 4 or more samples of each phase were taken. 
Pressure drops during sampling were recorded, but results were not 
affected by differing pressure drops. 
(usually the top one) were taken before sampling the other. Where a 
different order was followed, results were not changed. 

Samples of 3.7 ml. were taken from both upper and lower phases. 
The apparatus provided for isolating the samples in a section of tubing 
by means of valves. The isolated sample was drawn off into a weighed 
container which allowed the carbon dioxide to come to a standard 
temperature and pressure and escape into another part of the apparatus 
for volume measurement. After rinsing the sample tube with a suitable 
solvent, the liquid was recovered by solvent evaporation and weighed 
with an analytical balance. 
as well as mole fractions and volume fractions in each of the phases 
were computed from weight, density and molecular weight. Solubility 
parameter differences were computed from Equation 1, which was published 
by Fujishiro and Hildebrand (3) for calculation of solubility parameter 
differences between immiscible liquids: 

Normally, all samples of a phase 

Molecular volumes of each of the components 

1) 
RT 1 XIB 1 '2A 

'1 '1A '2 '2B 
(61-62)2 = - (- In - + - In -I/($ IB-%A) 

where 6 is the solubility parameter, x the mole fraction, 6 the volume 
fraction, T temperature and V the molecular volume. In Equation 1, 
subscripts 1 and 2 refer to components and A and B to phases. In our 
experiments, phase B was arbitrarily selected as the upper phase. This 
upper phase was sometimes liquid rich and sometimes carbon dioxide rich. 
Some systems, because of a greater change in supercritical fluid density 
than in liquid density, inverted within the pressure range of the 
experimental series. 

RESULTS 

Absolute values for solubility parameter differences, 1*CO,-*liq I are 
given in Table I. Values were computed for system pressures of 5000, 
8000 and 10,000 psi for all liquids and also at 16,000 and 20,300 psi 
for soybean oil. When compared to the oils a greater parameter 
difference between polar liquids and supercritical carbon dioxide 
correlates with experience indicating that the latter fluid acts as a 
relatively non polar solvent. For the series of polar liquids 
solubility parameter differences were estimated at 52OC which was a 
convenient temperature for operation of the stirred reactor. Because we 
wanted to compare data for the oils with results from other experiments, 
measurements were taken at 71 to 72OC, although control of temperature 
at this s more difficult. Standard devia on fo calculated 
values of\'~&-%q(from the same charge was .23 calY cm -372. 

DISCUSSION 

Our method requires incomplete miscibility and relatively rapid 
attainment of equilibrium. 
Gage. Equilibrium is more rapidly attained in super critical fluid- 
liquid than in liquid-liquid systems due to greater fluidity. Phase 
inversion, where it occurred, was apparently at pressures far enough 
removed from those where solubility was measured that any increased time 
required to reach equilibrium did not change computed parameter 
differences. For most of the liquids shown in Table I parameter 
differences were calculated by assuming the liquids incompressible, but 

Miscibility can be checked with the Jurgeson 
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where informat ion  was ava i l ab le ,  t h e o r e t i c a l  (4) o r  a c t u a l  (5) 
compress ib i l i t i e s  were a l s o  used. Comparison of r e s u l t s  i nd ica t ed  t h a t  
e r ro r s  a r i s i n g  from neg lec t  of l i q u i d  compress ib i l i ty  were less than 
experimental ones.  T r i a l  ca l cu la t ions  assuming reasonable e r r o r s  (10% 
or l e s s )  i n  determined q u a n t i t i e s  of carbon dioxide and l i q u i d  i n  each 
phase a l s o  f a i l e d  t o  produce l a r g e  e r r o r s .  The small  change i n  parameter 
difference r e s u l t i n g  from l a r g e  changes i n  pressure  i s  a l s o  i n  accord 
with t h e o r e t i c a l  ca l cu la t ions  (4). Larger d i f f e rences  between 
parameters of p o l a r  l i q u i d s  and s u p e r c r i t i c a l  carbon dioxide than  between 
o i l s  and the  same s u p e r c r i t i c a l  f l u i d  a l s o  agrees  wi th  t h e  experience 
t h a t  s u p e r c r i t i c a l  carbon d ioxide  a c t s  much l i k e  a nonpolar solvent ,  
such a s  hexane, i n  vegetable o i l  ex t r ac t ions .  

Employment o f  s o l u b i l i t y  parameters involves too many approximations 
t o  provide an e x a c t  method f o r  p red ic t ing  m i s c i b i l i t y .  Resu l t s ,  however, 
are v a l i d  o f t en  enough t o  be use fu l .  In l i qu id - l iqu id  systems composed 
of hydrocarbons and fluorocarbons,  parameter d i f f e rence  est imates  from 
Equation 1 were shown t o  more nea r ly  r e f l e c t  ac tua l  d i f f e rences  than 
calculated " theo re t i ca l "  parameters based on t he  geometric mean 
assumption and r egu la r  so lu t ion  theory (1 ) .  Since t h e  f i n a l  r e s u l t  of 
our est imate  i s  a n  absolute  value of t he  d i f f e rence ,  we  cannot t e l l  from 
t h i s  c a l c u l a t i o n  which parameter has t h e  higher value.  Judgment 
concerning a c t u a l  magnitudes of t h e  two s o l u b i l i t y  parameters can 
frequent ly  be made from va lues  f o r  l i q u i d s  under conventional condi t ions.  
For example, t h e  s o l u b i l i t y  parameter of s u p e r c r i t i c a l  carbon dioxide 
can be computed from Equation 2 which was proposed by Giddings e t  a 1  (2)  
fo r  dense gases:  

6 gas 1.25 Pc ' (PJ2.66) 2) 

where 6 i s  t h e  s o l u b i l i t y  parameter of t h e  s u p e r c r i t i c a l  f l u i d ,  P 
i t s  c r i t #& p res su re ,  P 
a constant  which i s  e q d v a l e n t  t o  an average reduced dens i ty  f o r  t he  
corresponding l i q u i d .  
of carbon dioxide a t  52OC and 8000 p s i  p ressure  i s  about 8 .5  c a l  
Values taken from l i t e r a t u r e  (6) a r e  17.7, 17.1,  14.2 and 14.0 c a l  
fo r  s o l u b i l i t y  parameters of glycerol ,  e thylene g lyco l ,  t r i e t h y l e n e  
glycol and n-butanol,  r e spec t ive ly .  Values f o r  l i q u i d s  a r e  usual ly  
presented f o r  25OC and one atmosphere p re s su re ,  but  f o r  most l i q u i d s  
they e x h i b i t  on ly  l i t t l e  v a r i a t i o n  wi th  inc rease  i n  pressure  and increase 
i n  temperature t o  52OC. 

While most data  i n  Table I appear reasonable,  we have no 
explana t ion  f o r  t h e  r e l a t i v e l y  high va lues  f o r  e thylene glycol  a t  8000 p s i .  
Our parameter d i f f e rences  a l s o  do no t  exp la in  the  increased  s o l u b i l i t y  
of soy o i l  i n  s u p e r c r i t i c a l  carbon dioxide t h a t  occurs a t  11000 t o  
12000 p s i  p re s su re  ( 7 ) .  

CONCLUSION 

Calculated abso lu te  values  of s o l u b i l i t y  parameter d i f f e rence  f o r  t he  
s e r i e s  of po la r  l i q u i d s  used i n  our experiment agree wel l  enough with 
values taken o r  computed from l i t e r a t u r e  t o  ind ica t e  t h a t  data  from a 
s t i r r e d  au toc lave  can provide a use fu l  es t imate .  With s u f f i c i e n t  
a t t e n t i o n  t o  temperature,  p ressure  and a t ta inment  of equi l ibr ium, r e s u l t s  
a r e  reproducib le  and the  ca l cu la t ion  does not  seem unduly s e n s i t i v e  t o  
small environmental  v a r i a t i o n s .  Resul t s  appear t o  c o r r e l a t e  wel l  with 
ex t r ac t ion  experience.  

i s  the  reduced dens i ty  of t h e  gas and 2.66 is 
Computed from Equation 2 the s o l u b i l i t y  yramckyp.  

-3'2 

The mention o f  firm names o r  t r ade  products does no t  imply t h a t  
they a r e  endorsed or recommended by the U.S. Department of Agr icu l ture  
over o the r  f i rms o r  s i m i l a r  products  not  mentioned. 
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TABLE I 

Absolute Values? f o r  S o l u b i l i t y  Parameter Differences,  I 6c02-61iql , 
Between S u p e r c r i t i c a l  Carbon Dioxide and Liquid 

Liquid Pressures  (Psi)  

5000 8000 10000 16000 20300 

Soy Oil 1.9  1.7 1 .6  1.6 1.6 

Glycerolb a 6.0 6 .2  6 . 1  
Ethylene 

5.7 1.9  6.7 g lycol  
Triethylene 

g lycol  5.4 5 .5  5 . 1  
n Butanolb 4.5 4.5 4.6 

Jojoba a i l  2.1 1 .9  1 .9  
Castor O i l a  2.0 1.8 1.8 

b 

-312 
i s o l u b i l i t y  parameter d i f fe rences  i n  c a l  ' cm 

s o l u b i l i t i e s  were measured a t  71-72OC 
Polar  l i q u i d  s o l u b i l i t i e s  were measured a t  52OC 
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A GTATISTICAL-MECHANICS BASED LATTICE MODEL 
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During t h e  l a s t  decade, i nc reas ing  emphasis has been placed on the  
use of t h e  equa t ion  of s t a t e  (EOS) approach t o  model and c o r r e l a t e  high- 
pressure  phase equ i l ib r ium behaviour. More s u c c e s s f u l  a p p l i c a t i o n s  have 
employed some form of cubic  EOS (1-3) a l though o t h e r s  (e.g.. 4 )  have been 
proposed. However. as the types  of systems s t u d i e d  have become more complex, 
t h e  inhe ren t  weaknesses o f  a cub ic  EOS have become apparent .  We, in  p a r t i c u l a r ,  
a r e  i n t e r e s t e d  i n  s tudy ing  phase behaviour of systems comprising polymer 
molecules i n  t h e  presence  of a s u p e r c r i t i c a l  f l u i d .  Here t h e  s i z e  d i s p a r i t y  
of the  component molecules can be l a r g e .  One approach would have been t o  
adopt  t h e  modified per turbed  hard  cha in  theory  (5.6) which has been adapted 
f o r  mixtures  of l a r g e  and smal l  hydrocarbon molecules. We, however, e l ec t ed  
t o  study whether l a t t i c e  theory  models could be of va lue  f o r  systems of 
our i n t e r e s t .  S tud ie s  based on t h i s  approach, have been attempted f o r  d i f f e r e n t  
s y s t e m s  (7-1 1 ) ,  and a n  i n t e r e s t i n g  gene ra l  model proposed by Panayiotou 
and Vera (12 ) .  Our approach is s i m i l a r  i n  many r e s p e c t s  t o  the l a s t  re fe rence  
although s i g n i f i c a n t  d i f f e r e n c e s  appear i n  t r e a t i n g  mixtures.  

Pure Components 

Theory 

Molecules a r e  assumed t o  ttsitlf on a l a t t i ce  of coord ina t ion  number 
z and of c e l l  s i z e  VH. Each molecule ( spec ie s  1 )  is assumed t o  occupy r1 
sites (where r1 can  b e  f r a c t i o n a l ) ,  and t h e  l a t t i ce  has empty sites c a l l e d  
holes .  There a r e  NO holes and N1 molecules. To account f o r  the  connec t iv i ty  
of t h e  segments o f  a molecule,  a n  e f f e c t i v e  chain l e n t h  q1 is def ined  as, 

zql - zr1 - 2r l  2 1 )  

wherein i t  has  been assumed that cha ins  a r e  not  c y c l i c .  zq1 now rep resen t s  
t h e  effective number of e x t e r n a l  c o n t a c t s  per  molecule .  The i n t e r a c t i o n  
energy between segments of molecules is denoted by -EI 1 ,  while the  i n t e r a c t i o n  
energy of any species w i t h  a h o l e  is zero. Only n e a r e s t  neighbour i n t e r a c t i o n s  
are cons idered ,  and pairwise a d d i t i v i t y  is assumed. The canonica l  p a r t i t i o n  
func t ion  for t h i s  ensemble can be formal ly  r ep resen ted  as: 
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where 6- l/kT. On the  assumption of random mixing of ho les  and molecules. 
and followlng the approach of Panayiotou and Vera (12) ,  we ob ta in  an  express ion  
f o r  Q which is v a l i d  o u t s i d e  t h e  c r i t i c a l  r eg ion  of t h e  pure Component. 
i.e., 

where 6 is t h e  number of i n t e r n a l  arrangements of a molecule and a a symmetry 
f ac to r .  Using the  fo l lowing  reducing parameters 

( 2 / 2 ) ~ 1 1  - P’VH - RT* 4 )  

and de f in ing  1, the t o t a l  volume of t h e  system, 

an EOS t h a t  de f ines  the  pu re  component is obta ined ,  i.e., 

= -  P 
T v - 1  V T 

” ” - 
e2 - 1 -  - i n ( A ) +  : i n (  v + ( q / r )  - 1  

Here e is  the  e f f e c t i v e  s u r f a c e  f r a c t i o n  of molecules and the  t i l d e  (-1 
denotes reduced va r i ab le s .  All q u a n t i t i e s  except  v ,  i n  the EOS are reduced 
by t h e  parameters i n  Eq.(4). The s p e c i f i c  volume v, is reduced by v* , the  
molecular hard-core volume, 

Vi - NlrlVH 7) 

Expressions for the  chemical p o t e n t i a l  of a pure  component can  a l s o  be der ived  
from Eq. (3 )  and s tandard  thermodynamics (13) .  

Determination of pu re  component parameters 

In  order  t o  use  t h e  obta ined  EOS t o  model r e a l  subs tances  one needs 
t o  ob ta in  ‘11 and v*. For a pure  component below its c r i t i c a l  po in t ,  a technique  
suggested by Jo f fe  e t  al..  (14) was used. Th i s  involves  the matching o f  
chemical p o t e n t i a l s  of each component i n  the  l i q u i d  and t h e  vapour phases 
a t  t h e  vapour p re s su re  of the  substance.  Also t he  a c t u a l  and p red ic t ed  s a t u r a t e d  
l i q u i d  d e n s i t i e s  were matched. The set  of equat ions  s o  obta ined  were solved 
by the ,  use  of a s t anda rd  Newtons method t o  y i e l d  t h e  pure component para- 
meters. Values of €11 and vi f o r  e thanol  and water a t  s e v e r a l  t empera tures  
are shown i n  Table 1. I n  t h i s  c a l c u l a t i o n  VH and z were set at  9.75 x 
m3 mole-1 and 10, r e s p e c t i v e l y  ( 1 2 ) .  The c a p a b i l i t y  of the  l a t t i c e  EOS t o  
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fi t  pure component VLE was found t o  be q u i t e  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  
z ( 6 ~ 2 ~ 2 6 )  and VH ( 1  .Ox 10-7 m 3 m 0 l e - ~ < v ~ < 1 . 5 ~  10-5 m3mole-l). 

For SCF, t h e  pure component parameters were obta ined  by f i t t i n g  P-v 
d a t a  on a n  isotherm. Prel iminary d a t a  for t h e s e  subs tances  sugges t  t h a t  
although the computed vi is a f u n c t i o n  of temperature ,  €11 is a constant  
w l  t h i n  r e g r e s s i o n  e r r o r .  

Discussion 

I n  order t o  q u a l i t a t i v e l y  understand t h e  behaviour of t h e  l a t t i c e  
WS. i t  was examined i n  t h e  l i m i t  of small molecules ( q,r - 1 ) .  I n  t h i s  
c a s e  Eq.(6) s i m p l i f i e s  t o  the  form, 

., - 1 
) - -  P :: - I n (  - v  

T v - 1  T v2 

The f irst  term can  be i d e n t i f i e d  w i t h  a "hard-sphereff repuls ion  term, whi le  
t h e  second acconts  for a t t r a c t i v e  forces .  The second term can be r e w r i t t e n  
as. 

( P*V*2) a 

R T  V2 V2 
B - -  Pa v 

z a E i - . -  9) 

Thus, t h e  a t t r a c t i v e  term represented  i n  Eq.(9) has  t h e  same form as the  
a t t r a c t i v e  term in t h e  van d e r  Waals EOS (15) .  On examining t h e  data  i n  
Table 1 ,  and computing t h e  parameter a i n  Eq.(9) ,  i t  was found t h a t  f o r  
v a r i a t i o n s  of up t o  150K. the  v a r i a t i o n  of t h i s  parameter was always less 
than  31, a l though t h e  computed values  of v* and €11 themselves showed a 
7% v a r i a t i o n .  I n  t h e  l i m i t  of small molecules ,  t h e r e f o r e ,  the  l a t t i c e  EOS 
has a term t h a t  approximates  t h e  van d e r  Waals t y p e  a t t r a c t i v e  term closely.  

The behaviour of t h e  r e p u l s i v e  term of t h e  l a t t i c e  EOS is more complicated 
and w i l l  n o t  be d iscussed  i n  d e t a i l .  A t  l i q u i d - l i k e  d e n s i t i e s  t h i s  repuls ion  
term i s  a b e t t e r  approximation t o  t h e  hard spheres  r e p u l s i o n  than the  van 
de r  Waals r e p u l s i o n  term. A t  gas - l ike  d e n s i t i e s ,  however, the  oppos i te  behaviour 
is observed. 

Binary Uixtures  

Theory: 

Consider a mixture of NO holes ,  N1 molecules of  s p e c i e s  1 and N2 molecules 
of s p e c i e s  2. Following Panayiotou and Vera ( 1 2 )  t h e  fol lowing mixing ru les  
a r e  assumed for  t h e  mixture  parameters FM, qM and vM*. 

rM = 1 x i  Pi 10) 
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L a t t i c e  coord ina t ion  numbers ( 2 )  and t h e  c e l l  volumes ( V H )  f o r  both t h e  
Pure components and mixture l a t t i c e s  a r e  assumed t o  have t h e  same value.  The 
P a r t i t i o n  func t ion  f o r  t h i s  ensemble can be formulated following Eq.(2).  I t  
is assumed now t h a t  t h e  p a r t i t i o n  func t ion ,  f a r  from t h e  b inary  c r i t i c a l  
Poin t  can be approximated by its l a r g e s t  term. S ince  molecule segments and  
ho le s  can d i s t r i b u t e  themselves nonrandanly, t h e  p a r t i t i o n  f u n c t i o n  must 
i nco rpora t e  terms t o  account f o r  t h i s  e f f e c t .  The nonrandomness c o r r e c t i o n  
r i j  allows f o r  d i s t r i b u t i o n  of t h e  segments of spec ie s  i about t h e  segments 
Of spec ie s  j over t he  random values  of such con tac t s .  I t  is def ined  through 
t h e  equat ion  

where N i j  is t h e  a c t u a l  number of i-j c o n t a c t s  and N i j o  is t h e  number of 
i-j con tac t s  i n  t h e  completely random case.  Expressions f o r  t h e  nonrandomness 
c o r r e c t i o n  m u s t  be obtained through t h e  s o l u t i o n  of t h e  "quasichemical" 
equa t ions ( l6 ) .  These equat ions  can be so lved  i n  a c losed  a n a l y t i c  form only 
i n  t h e  case  of a two component system. I n  o rde r  t o  ensure  t h e  mathematical 
t r a c t a b i l i t y o f  t h e b i n a r y r e s u l t s ,  i t  is t he re fo re  assumed t h a t  ho le s  d i s t r i b u t e  
randomly w h i l e  molecules do not .  

The s o l u t i o n  f o r  t h e  quasichemical express ions  f o r  t h e  pseudo 
two component system y i e l d s  a n  expression f o r  t h e  nonrandomness co r rec t  ion 
r i j .  which can be represented  mathematically a s ,  

- 
8 1  is t h e  su r face  f r a c t i o n  of i molecule segments on a hole- f ree  b a s i s  a n d  
e is t he  t o t a l  s u r f a c e  a rea  f r a c t i o n  of molecule segments. Eq.(16) immediately 
sugges ts  a combining rule f o r  €12 as  a measure of t h e  depa r tu re  of t h e  mixture 
from randomness, i .e . ,  

The mixing r u l e  for E a r i s e s  n a t u r a l l y  through t h e  formula t ion  of t h e  canonical 
p a r t i t i o n  func t ion ,  i . e . ,  

! 
6 9  



An EOS for t h e  mixture  and chemical p o t e n t i a l s  f o r  component i i n  t he  mixture  
can now be der ived  u s i n g  s t a n d a r d  thermodynamics. 

- - - 
e2 r22 - I e2 (262i- 5,) + 0.5zqi[ En - r22Ln - 

r12 

el ( 2 6 1 1  - e2 

where p i  r e p r e s e n t s  the chemical p o t e n t i a l  of component i i n  a binary mixture, 
j - 3 - i  and ACT) is some universa l  temperature  funct ion.  6 i j  is t h e  Dirac-delta 
funct ion.  Parameters used for obta in ing  t h e s e  equat ions  i n  a dimensionless  
form a r e  def ined  i n  manner analogous t o  Eq.(4). 

The mixture  EOS [Eq. ( l g ) ]  has the  three terms t h a t  a r e  present  i n  the  
pure component EOS. Also, i t  has an a d d i t i o n a l  term which accounts  f o r  t h e  
nonrandomness c o r r e c t i o n s  t h a t  have been incorporated i n t o  t h e  p a r t i t  i o n  
f u n c t i o n  express ion .  This l as t  term, fo r  a l l  c a s e s  tested,  is a l w a y s  a t  
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least  4 orde r s  of magnitude smaller than  t h e  o t h e r  three te rms  and can e f fec-  
t i v e l y  be  neglec ted .  However, i t  is r e t a i n e d  f o r  the sake of mathematical 
consistency. 

Resu l t s  and Discussion 

The express ions  der ived  f o r  t h e  EOS and the  chemical p o t e n t i a l  of 
component i i n  a b ina ry  mixture were used t o  model the phase e q u i l i b r i a  
of b inary  mixtures.  A set  of non- l inear  equat ions  was obta ined  and so lved  
by the use  of a Newton's method. 

Mixtures of small molecules (acetone-benzene, ethanol-water) were 
considered f i r s t .  I n  F igures  1 and 2 ,  a comparison is made between t h e  pred ic ted  
and experimental  l o r p r e s s u r e  VLE d a t a  (17,18) f o r  these systems. An e x c e l l e n t  
fit  t o  the da ta  is obta ined  in  both  cases, w i t h  t h e  use  of one apparent ly  
temperature independent parameter ( k i j )  pe r  binary.  

The i n t e r e s t i n g  a spec t  of t h i s  modelling is the tempera ture  indepen- 
dence of k i j .  I t  was shown e a r l i e r  t h a t ,  i f  the  pure components were small 
molecules, t h e  l a t t i c e  EOS has a n  a t t r a c t i v e  term w i t h  an  e s s e n t i a l l y  temp- 
e r a t u r e  independent s. Extending t h i s  argument t o  mixtures r e s u l t s  i n  the 
p red ic t ion  of t h e  temperature independence of k i j  f o r  binary mixtures  of 
small molecules. A t empera ture  independent i n t e r a c t i o n  parameter is a proper ty  
of t h e  binary,  which could ,  i n  concept,  be c a l c u l a t e d  by group con t r ibu t ion  
techniques.  T h i s  scheme, i f  implemented, would make the modelling technique 
a p r e d i c t i v e  one. 

In  examining t h e  s e n s i t i v i t y  of t h e  model t o  t h e  assumed va lue  
of z ,  i t  was found f o r  the ethanol-water system tha t  the model p red ic t ions  
were i n s e n s i t i v e  t o  the z value  i n  the  v i c i n i t y  of 2-10. For l a r g e  va lues  
of z (z>15) ,  however, i t  was found tha t  the model was incapable  of even 
q u a l i t a t i v e l y  p r e d i c i t i n g  mixture VLE behaviour. 

The a p p l i c a b i l i t y  of the l a t t i ce  EOS i n  the modelling o f  the 
VLE of mixtures of molecules of d i f f e r e n t  s i z e s  was examined next .  The results 
f o r  t h e  H2S-2-heptane system a t  310K and 352K are shown i n  F igure  3 (19) .  For 
t h e  temperatures modelled, it is seen  t h a t  t h e r e  is a good agreement between 
the p red ic t ion  and t h e  experimental  d a t a ,  aga in  w i t h  the use  of one temperature 
independent b inary  i n t e r a c t i o n  parameter.  

The l a t t i c e  model t h u s  provides  t h e  c a p a b i l i t y  t o  ob ta in  good, 
q u a n t i t a t i v e  f i t s  t o  experimental  VLE data f o r  b ina ry  mixtures  of molecules 
be low t h e i r  c r i t i c a l  po in t .  Its va lue  l i es  i n  t h e  f a c t  t h a t  i t  performs 
equa l ly  well r e g a r d l e s s  of the size d i f f e r e n c e s  between the component molecules. 

The model was then extended t o  t h e  phase equ i l ib r ium modelling 
of s o l i d - s u p e r c r i t i c a l  f l u i d  (SCF) b i n a r i e s .  In  F igu res  4 and 5 ,  the model 
behaviour is compared t o  experimental  data f o r  t h e  naphthalene-carbon d ioxide  
b ina ry  a t  308 and 318K respec t ive ly .  Outs ide  the c r i t i c a l  reg ion ,  the la t t ice  
EOS provides a good f i t  t o  t h e  measured data (20). The k i j  values ,  however, 
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were not t empera ture  independent. 

The agreement of t h e  model wi th  t h e  data in  t h e  c r i t i c a l  reg ion  
is n o t  s a t i s f a c t o r y .  The reason  fo r  t h i s  f a i l u r e  is bel ieved  t o  be two fo ld .  
F i r s t l y ,  t h e  p a r t i t i o n  f u n c t i o n  express ion  f o r  t h e  b inary  is v a l i d  i n  a 
r e g i o n  where the  l a r g e s t  term i n  the summation i n  Eq.(2) dominates a l l  o t h e r  
terms. I n  t h e  c r i t i c a l  r eg ion  t h i s  assumption breaks down. Secondly, it 

whi l e  molecules do not.  Th i s  assumption could be another  cause  of t h e  poor 
fits obta ined  i n  t h e  c r i t i c a l  region. 

I 

has been assumed ( f o r  mathematical  t r a c t a b i l i t y )  t h a t  h o l e s  d i s t r i b u t e  randomly { 

In o rde r  t o  tes t  t h e  a p p l i c a b i l i t y  of t h e  model t o  polymer-SCF 
systems. a hypo the t i ca l  system of CO2 and a monodisperse x-mer w i t h  a monomeric 
u n i t  molecular weight of 100 was simulated.  Reasonable va lues  f o r  the  pure 
component parameters for t h e  polymer were chosen (12) .  Constant va lues  of 

were used f o r  t h e  polymer system, where t h e  degree  of polymerization, 
:'varied between 1 and 7. I t  was assumed t h a t  a l l  cha ins  had t h e  same E, 
and v* sca l ed  as the  molecular weight of t h e  chain.  F igure  6 shows t h e  r e s u l t s  
of t h e  pred ic ted  mole f r a c t i o n  of t h e  x-mer i n  t h e  SCF phase. 

The model s imula t e s  an exper imenta l ly  observed t r end  (20) t h a t  
the  s o l u b i l i t y  of cha ins  i n  a SCF shows a s t r o n g  inve r se  dependence on 
t h e  molecular mass of the polymer. F igure  6 shows t h a t  changing t h e  molecular 
weight of t h e  cha in  molecule from 100 t o  700 causes  a reduct ion  i n  s o l u b i l i t y  
of nea r ly  6 o rde r s  of magnitude. The model a l s o  shows t h a t  a l l  t h e  s o l u b i l i t y  
p l o t s  tend t o  f l a t t e n  ou t  around 300 ba r ,  as observed i n  experiments. C l a s s i c a l l y  
used  EOS l i k e  a modified cubic  EOS (22) .  when app l i ed  t o  such  systems, produce 
s o l u b i l i t y  curves  which t end  t o  show a sha rp  maximum around 200 bar .  For 
polymer-SCF systems, t h e r e f o r e ,  the l a t t i ce  EOS is be l i eved  t o  be supe r io r  
t o  modified cubic EOS. 

Conclusions 

A new a t tempt  towards t h e  development of a s t a t i s t i ca l -mechan ics  
based model f o r  mixtures  of molecules of d i s p a r a t e  s i z e s  has been made. Resul t s  
ob ta ined  t o  date demonstrate t h a t  t h e  l a t t i ce  EOS is s u p e r i o r  t o  modified 
c u b i c  EOS f o r  polymer-SCF e q u i l i b r i a ,  while for t h e  o t h e r  systems, ou t s ide  
t h e  c r i t i c a l  r eg ion ,  it performs as well as c l a s s i c a l l y  employed techniques.  The 
removal of t h e  assumption regard ing  t h e  random mixing of h o l e s  is expected 
t o  improve t h e  performance of t h e  model i n  t h e  c r i t i ca l  reg ion .  

The tempera ture  independence of t h e  a parameter CEq. (9 1 and 
t h e  binary i n t e r a c t i o n  parameter ( k i j )  f o r  systems of small molecules a r e  
i n t e r e s t i n g  phenomena t h a t  mer i t  c l o s e r  examination. 
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Table 1: Pure Component parameters f o r  e thanol  and water 
at  s e v e r a l  t empera tures  ( 2-10, VH-9.75 x 10-6 m3mole-1) 

Ethanol Water 

~~~ ~ 

283 1357.59 1.2018 3596.56 0.9602 
29 3 1355.47 1.201 6 3516.20 0.9685 
303 1314.34 1.2193 3438.16 0.9767 
31 3 1294.18 1.2276 3362.54 0.9588 
323 1274.90 1.2358 3289.36 0.9943 
333 
343 
35 3 
36 3 
37 3 
39 3 
41 3 

256.49 
238.87 
222.04 
205.89 
190.43 
161.42 
134.68 

.2437 32 18.53 

.2515 3150.14 

.2589 3083.99 

.2661 3020.02 

.2731 2958.16 

.2864 2840.43 

.2989 2730.13 

.0030 

.0123 

.0216 

.0310 

.0406 

.0602 

.0804 
431 1109.83 1 .YO9 2626.57 1.1011 
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INTRODUCTION 

Efficient thermochemical processes underlie the conversion 
of crude oil and natural gas liquids to higher value chemicals 
and fuels. Unfortunately, attempts to develop similar conversion 
processes for biomass feedstocks (such as wood chips and bagasse) 
have been frustrated by the non-specificity of high temperature 
pyrolysis reactions involving biopolymer substrates (1,2). For 
example, the pyrolysis of bagasse yields a liquid mixture of 
carbohydrate sirups and phenolic tars, a gas composed primarily 
of carbon oxides and hydrogen, and a solid charcoal. Variations 
of the conventional engineering parameters (temperature, heating 
rate, residence time and pressure) do not provide a good control 
over the complex set of concurrent and consecutive pyrolysis 
reactions. Thus it has not been possible to engineer the 
pyrolysis reactions to produce a few high value products from 
biomass materials. 

Recent advances in materials technology, high pressure pumps 
and other high performance liquid chromatography (HPLC) 
equipment, have created new opportunities (3) for fundamental 
studies of chemical reactions in solvents at very high pressures 
(>30 MPa) and temperatures ( > 4 0 0 °  C). For sufficiently dilute 
solute-solvent mixtures at pressures P>Pc , no liquid-vapor phase 
transition occurs as the mixture is heated. Furthermore, when 
the temperature T is near the solvent's critical temperature Tc 
and P>Pc many solvents manifest extraordinary properties (4 ,5 ) .  
These unusual properties provide new parameters for the control 
of chemical reactions involving biopolymers and other substrates. 

AS discussed in the following sections, when the density of 
supercritical ( S C )  water exceeds 0.4 g/cm3 the fluid retains its 
ionic properties (high dielectric constant and ion product) - 
even at high temperatures. These properties provide new 
opportunities to catalyze a variety of heterolytic bond cleavages 
with a high degree of specificity. Examples discussed in this 
paper include the dehydration of ethanol to ethylene, the 
dehydration of glycerol to acrolein, and the conversion of 1,3 
dioxolane to glycol and formaldehyde. In each of these examples 
the specificity of the heterolytic bond cleavage is high 
(approaching one mole of desired product per mole of reactant); 
whereas the conventional, higher temperature, free radical 
reactions offeralower yields of the same desired products. In 
the case of ethanol dehydration, findings reported here have 
exciting implications for the production of ethylene from 
ethanol, which may find early application in Brazil. 



PRIOR WORK 

Interest in the use of S C F  solvents as a reaction media is 
founded upon recent advances in our understanding of their unique 
thermophysical and chemical properties. Worthy of special note 
are those thermophysical properties (6) which can be manipulated 
as parameters to selectively direct the progress of desirable 
chemical reactions. These properties include the solvent's 
dielectric constant (71, ion product (8 ,9 ) ,  electrolyte solvent 
power (10,11), transport properties (viscosity (121, diffusion 
coefficients (13) and ion mobilities (14)), hydrogen bonding 
characteristics (15), and solute-solvent 'enhancement factors' 
(6). All these properties are strongly influenced by the 
solvent's density p in the supercritical state. 

P = 0.47 g/cm3 at 400' C (P = 35. 
MPa) enjoys a dielectric constant of about 10 (comparable to a 
polarl%rganic 1 id under normal conditions), an ion product of 
7x10- (vs lo-" at room conditions) and a dynamic viscosity 
=0.57 millipoise ( v s  10 at room conditions). Under these 
conditions SC water behaves as a water-like fluid with strong 
electrolytic solvent power, high diffusion coefficients and ion 
mobilities, and considerable hydrogen bonding. These properties 
favor chemical reactions involving heterolytic (ionic) bond 
cleavages which can be catalyzed by the presence of acids or 
bases. 

Dramatic chan es occur when the temperature of the SC wa er 

Decreases in the di ectric constant to a value of 2 and ion 
product to 2.1 x lo-" cause the fluid to lose its water-like 
characteristics and behave as a high temperature gas. Under 
these conditions homolytic (free radical) bond cleavages are 
expected to dominate the reaction chemistry. Thus by using the 
engineering parameters of temperature and pressure one can 
dramatically change the chemical properties of the solvent 
(dielectric constant and ion product) to favor heterolytic or 
homolytic bond cleavages. This paper emphasizes the manipulation 
of these parameters as a means for engineering the reaction 
chemistry of biopolymer materials. 

For example, SC water with 

is raised to 500% C at constant pressure (P=O.144 g/cm 5 1 .  

APPARATUS AND EXPERIMENTAL PROCEDURES 

Figure 1 is a schematic of the S C  flow reactor. Prior to 
the initiation of flow, the system is brought up to pressure by 
an air compressor. Afterwards, an HPLC pump forces a pure 
solvent into the reactant accumulator at a measured rate of flow. 
This flow displaces the solvent/solute reactant mixture out of 
the accumulator, through the reactor and a 10 port valve dual 
loop sampling system, and into the product accumulator. The flow 
of products into the second accumulator displaces air through a 
back-pressure regulator and into a water displacement apparatus, 
which measures the rate of air flow at ambient conditions. The 
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reactant flow is rapidly heated to reaction temperature by the 
entry heat guard, and maintained at isothermal conditions by a 
Transtemp Infra-red furnace and an exit heat guard. Samples 
captured in 5.4 ml sample loops are released into sealed, 
evacuated test tubes for quantitative analysis by GC, GC-MS, and 
HPLC instruments within the laboratory. The outer annulus of the 
reactor is a 4.572 mm ID Hastelloy C-276 tube, and the inner 
annulus is a 3.175 mm OD sintered alumina tube, giving the 
reactor an effective hydraulic diameter of 3.2 mm. The alumina 
tube accommodates a movable type K thermocouple along the 
reactor's axis, which provides for the measurement of axial 
temperature gradients along the reactor's functional length. 
Radial temperature gradients are measured as differences between 
the centerline temperature and temperatures measured at 10 fixed 
positions al.ong the outer wall of the reactor using type K 
thermocouples. The location of the movable thermocouple within 
the reactor is measured electronically to within 0.01 mm by a 
TRAK digital position read out system. The entire reactor and 
sampling system is housed in a .bullet proof. enclosure which can 
be purged of air (oxygen) during studies involving flammable 
solvents (such as methanol). 

The reactor can be characterized by the following 
representative nondimensional numbers: Re = 33, Pr = 1.3, Sc = ::",',: P;rp;pm,a+ cg~;y:;: 4:;,~~~pe€~~~,~~o~r~f~leanoq Dth; 
reactor during operation. Because the thermal diffusivity of SC 
water is comparable to that of many high quality insulation 
materials, gross radial temperature gradients can easily exist in 
a flow reactor. As shown in Figure 2, radial temperature 
gradients within the annular flow reactor are negligible. A 
computer program, which accurately accounts for the effects of 
the various fluid (solvent, solvent and solute, air) 
compressibilities on flow measurements, calculates mass and 
elemental balances for each experiment. A typical experiment 
evidences mass and elemental balances of 1.00+0.05. 

RESULTS AND DISCUSSION 

Results of experiments probing the dehydration chemistry of 
ethanol in SC water (P = 34MPa) are summarized in Table 1. The 
low temperature (400' C), uncatalyzed dehydration is very slow, 
and little ethylene is formed. However, in the presence of 0.1 
M H2SO4 the reaction is both rapid and highly specific. The 
effectiveness of the acid catalyst is a result of the high degree 
of dissociation of H SO4 in SC water at 400 '  C and 34 MPa, as 
Well as the high mobility of 8' ions in SC water. These results 
contrast. with the conventional (16) acid catalyzed dehydration, 
which requires heating the alcohol in 95% H2S0 at 170' C. 
Figure 3 displays the acid catalyzed heteroly?ic reaction 
mechanism for ethanol dehydration. 

Table 1 also reveals a dramatic loss in specificity at 
higher temperatures ( 5 0 0 °  C )  due to the increasing role of 
homolysis i n  the reaction chemistry. Unwanted products Of 
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homolysis include CHI, H2, and c H6, which serve to decrease the 
yields of the desired product ethylene. Homolysis is favored 
under these conditions becau the water has lost its ionic 
properties (ion product = lo-”) and will not facilitate the 
dissociation of acid catalysts or the formation of carbonium ion 
intermediates. 

Table 2 summarizes similar results for the dehydration of 
glycerol (40). A s  shown in Figure 4 ,  the observed products 
(acetaldehyde, acrolein, and the gases C02, H2, CO, CH4, C2H4 and 
C2H6) can be explained by any one of several different pathways 
and mechanisms. However, an experiment with the posited 
intermediate acetol as the reactant produced only gases; hence 
pathway 1 cannot be the source of acrolein. The dramatic 
increase in the relative yield of acrolein in the presence of 
NaHS04 at 360’ C supports the role of the heterolytic pathway 2 
in forming acrolein. The significant influence of the free 
radical scavenger hydroquinone in reducing acrolein yields 
supports the role of homolytic bond cleavage (pathway 3) in the 
formation of acrolein at higher temperatures (500’ C). These 
findings are in accord with earlier studies of the vapor phase 
pyrolysis of glycerol (171, and the results of experiments 
involving ethanol given in Table 1. Here again we observe the 
high specificity of dehydration reactions involving acid 
catalyzed, heterolytic bond cleavages. 

In addition to the dehydration of ethanol and glycerol, we 
have also completed less detailed studies of the reaction 
chemistry of 1,3 dioxolane, glycol, acetaldehyde and acetic acid 
in SC water, and (in some cases) SC methanol. At 350° C and 3 4  
MPa the facile reaction of 1,3 dioxolane with water produces 
glycol and formaldehyde ( 9 9 . 8 %  yield) via a carbonium ion 
intermediate. Here again is an example of the extraordinary 
specificity heterolytic reaction chemistry. The model compounds 
glycol, acetaldehyde and acetic acid undergo negligible 
decomposition in SC water at temperatures up to 500’ C, pressures 
to 34 MPa, and residence times approaching 3 minutes. 

Because of the potential commercial significance of ethanol 
dehydration in SC water, we are presently developing kinetic 
expressions for the rate of ethylene formation in the SC water 
environment. We are also measuring the rate of ethanol 
dehydration in the vicinity of the critical point of water to 
determine if the properties of the fluid near the critical point 
have any influence on the reaction rates. In the near future we 
plan to begin studies of the reaction chemistry of glucose and 
related model compounds (levulinic acid) in SC water. 

CONCLUSIONS 

The significance of this work is its identification of SC 
water as a media which supports and enhances aqueous phase 
chemistry ordinarily observed at much lower temperatures. 
Fundamental studies of the reaction chemistry of biopolymer 
related model compounds described in this paper offer insights 
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into the details of reaction mechanisms, and facilitate the 
choice of reaction conditions which enhance the yields of ( 

valuable products. Chemical reaction engineering in 
supercritical solvents, based on the ability to choose between 
heterolytic and homolytic reaction mechanisms ~ 4 t h  a 
foreknowledge of results, holds much promise as a new means to 
improve our utilization of the vast biopolymer resource. 
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TABLE 1 

Ethanol Dehydration i n  Superc r i t i ca l  Water 
a t  34.5 MPa 

PRODUCT YIELD (%)* 

'ZH4 71 93 

6 -- 
C2H6 

-- -- 
CH4 

c02 

H2 

co 47 1 

-- 14 

57 -- 
REACTANT 1.02 1.02 
CONCENTRATION(M) 

CATALYST -- 
TEMPERATURE ("  C )  400 400 

RESIDENCE TIME(S) 151 151 

Degree of Conversion (%) 7.2 26.0 

H2S04 

65 

16 

22 

-- 
15 

10 

0.53 

-- 
500 

79 

4.2 

56 

21 

22 

6 

19 

560 

0.53 

NaHS04 

500 

76 

0.7 

*lo0 (mole product/mole reactant  converted) 

TABLE 2 

Glycerol Dehydration i n  Supercri t i c a l  Water 
a t  34.5 MPa 

PRODUCT YIELD (%)* 

360" C 500" C 
w/o NaHSOJ w NaHSOq w/o scav. w scav. 

Acro le in  (x) 24 70 34 11 

Ratio (x /v )  0.6 2.0 0.5 0.1 
Acetaldehyde (v)  38 35 74 88 

*I 00 (mole product/mole reactant  converted) 
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SOLVENT EFFBC1‘S DtJFUNG TEE REACTION 
OF COAL. MODEL COMPOUNDS 
M k Abraham and h4. T. Klein 

Wversitp of Delaware 
Department of Chemical Engineering 

h’ewuk, DE 19718 

IhTBODUCTION 
T’ne chemicd w t i o n s  that accompany the extraction of volatiles (1) from hydrocarbon resouma 

a i th  supczaitii mlvents a n  freyaentb obscnrcd by the camplojties of t h e  reaction system. In 
contmz? the cornpazithe simp- of model compound structures and product spectra p e d t  
resolution of ructieo fundament& (2) and snbsequent inference of the factors that control the 
rractiom of real reacting syrtcmr. €kr& we use model compouads to probe the kiuetids 01 ppzolpss 
and sohow rrsctions that likely ODIU during the extraction of vofotiks from coals and lignb. 

P- studies of the ratctions of guaiacol (orthomethoxgphenol) (3) and benrpl phenyl amine (4) 
m snperaizicd water elucidated p a r d e l  hydrolysis and pyrolysis pathways, the selectivity to the latter 
m-g line&- with ada density. Reactant decomparition kinetics w e n  interestingly nonlinuv in 
7Flter densit)-, which WTS consistent with a t  l u s t  two possible mechanistic interpretations. The fvst 
p c s s i b i  vas that of unusual ‘uge’ or solvent effects attributable to operation in dense fmids. The 
second p a s i b i i  - a draightforward reaction scheme wi th  p r e s s d e p e n d e n t  rate constants. 
Hereh m present our andpsis of these two mechanistic possibilities for reaction in water and reaction 
m methanol 

W E E M E N T A L  

Tabk I summarizes rhe fcperimentd conditions of reactants’ concentration, solvent b d i g ,  and 
holding time; J1 rrsctions were at 386OC. Mcasnred amounts 01 the commercially available (Aldrich) 
sub- benql phenyl amine P A ) ,  the solvent (water or methanol) and the inert internal standard 
biphenyl -re loaded into room temperature Ytobing bombs’ that have been described elsewhere (4).  
Sealed -rs wen imrmrsed into a nnidmed sand bath held consstant d the d 4 m d  reaction 
tcmpcamn, ~ h i c b  was artaiDed by the reactors in about 2 min; this heat-up period was small 
compared ro u k i i  reaction times (up to 60 min) and RW, in any case, identical for all mns. 
Products sere identGd b r  GGMS and quantitated by GC as described &where (la). 
BESULTS 

Table II summarizes the  major products observed from BPA reaction neat, in tetraiin, in water, 
and in methanol- BPA dLappcarance kinetics M sbown in Figure 1. Neat pyrolysis of BPA led to 
tohen+ d i n e ,  and benralsniline a5 major products and minor products including l,%dipbenylethane, 
d i p h e n + e t b e ,  and % b e r u + d i n e .  Thermolj-sii in tetralin yielded quaiitativeb similar result(, with 
the s&zxi+y to toluene and aniline increased and sektivity to benralaniline decreased relative to neat 
p++. BPA reaction in water RS to benzyl alcohol and benzaldehyde as well as the neat pyrolysis 
products- BPA readon in methanol produced a product spectrum simila~ to that found from reaction 
in vatu, ui th  the addition of K - m e t h p k n i e  as a major product. 

The &et of water density on BPA convenion and product selectirity, for a constant reaction 
t i m e  of 10 minutes, is shown in Figurr 2. BPA conversion passad through a miniium at a reduced 
arfu d- of 0.2, whereas the s e k c t m v  to each individual product was essentially lineat in solvent 
loading. T h e  yield 01 anil ine was relativeb unaffected by solvent density but toluene and benralaniie 
yields dsoaased and total yield of oxygenated products (benraldehydr p l u  benrgl dcohol) iucrewd 
with in- in solvent loading. 

The reaction 01 BPA in methanol, at a constant rsaction time of 60 minutes, was qualitatively 

I 
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similar, 2s anstrated in F i i  3. Here the minimum convvsion occurs at a reduced methanol density 
of Ob and the selectivity to each partkuhr product was once again apparently linear in solvent 
a g .  The yield of toluene was rrLtirely nndected by changes in the methanol density, wbereas 
the yields of aniline and benxdaniline decreased and that of N-methykrriline and total oxygenakd 
product  in-d as the solvent loading hcreased. 

Tbe foregoing results are consistent with the reaction pathways shown in Figure 4. The neat 
pyrolysis pathway, illustrated m Fignre 4% requires two molar equivalents of BPA for the formation of 
one mole u c h  of toluene, aniline, and b e n r d a n i e .  The network for thermolysis in tetralin is a 
comb- of the  nest pyrolysis patbaa]. ( F i i  44 and a pathway wberein tetraIin and BPA react 
to one mole each of toluene, miline, an2 0.5 molar equivalents of naphthalene. Figure 4b depicts a 
k t  s o l v o e  pathway for the 'active' aolvents w a r  and methanoL Here the BPA can either (i) 
react by the neat p p l p ~  pathway witi the addition of another BPA, to +e one mole each of 
toluene, aniihe, and benralanihe or (ii) can proceed thmugh the solvation pathway to give oxygenated 
products and aniline (or N-methykniline for reaction in methanol). T h e  yield of oxygenated products 
would he crpcted to in- while the toluene yield would decrease as the solvent loading is 
mc& the + I d  of N-methykoiline would be expected to increase &h increases in solvent lording 
during ructiDn in methanol 

Tbe minima in BPA conversion observed for reaction of BPA in water and methanol were 
erplained by allowing t h e  rate constantr of Figure 4b to be dependent on pressure. For ea& solvent 
loading (and thns pressure) rmdied the psendcdkst order rsk constants for the pathways of Figarr 4h 
are shown m Table 3. These were cdcdated using a sequential simplex search where the objective 
function the  square of the dev&io= between predicted and experimental values. The pressure 
g e n e a d  br water vh5 estimued horn PIT data (7) and the methanol pressure was estimated using a 
Peng-Rob- equation of state. 

DISCUSSION 

BPA M a i o n  in water or methanol +lded solvation products in addition to those observed from 
pyrolysis neat. P A  conversion passed throngh a minimum at a reduced solvent density of 0.6 and 0 2  
for reactb m methanol and wakr respectively; product selectivity was essentially linear in solvent 
density. These & are consistent with reaction networks compriring parallel pyrolysis and solvolysii 
pathways with p d e p e n d e n t  rate colrstanh; the selectivity to the latter pathway increased with 
increa~hg solvent loading. P d t s  qualitarisely similar to those observed in F q r e s  2 and 3 have been 
noted prcrionsly for reactions b solution with reaction networks containing pmurc-dependent rate 
constants (8) 

T h e  elJats of pressure on the rates cf chemical reactions in solution have been summarized ( 5 4 .  
There efjects can be interpreted in terms 0:' transition state theorp, which shows that 

where AV; k the volume of actbation, ic. the difference between the partial molar volumes of the 
-tats a d  the activated state. AVJ is strictly a function of pressure which 'is often approximated 
by the up-n 

ln k = a + bP + cPz. 

&nu*, volumes of activation are of the order of ~ 2 5  cm3 and thus rate constants for reactions in 
solution do not begin to show a signS-t pressure dependence Deloa approximately loo0 atm (5). 
h0, the volume of activation is often broken into two separate values, A,V$ and AzV$, where the 
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former rep-ts a structural contribution and the la te r  reprrsents a change in the volume of tbe 
solvent shd. 

It k important to n o k  that, although the operating pressures in the present study were of the 
order of 10 - loo0 ah., the minimum in n a c b n t  conversion, from which we have infemd a likeb 
Linetic deet of prrssure, occurred at pressures of only 100 atm. Thus the apparent global volume of 
activation associated with the present interpretation of the non-linear kinetics of Figures 2 and 3 would 
be an order of magnitude larger than that observed for liquid systems. These apparent volumes of 
activation may consist of at least three components; first, AIVt Mscciakd with s t r n c t d  changes, 
second, AzVf & with changes in tbe solvent shell, and third, a contribution due to the 
c o m p d m  of the fluid. The  supercritical fluid is highly compresible in the critical region and UC 
of &t u n q n i v d  equation of state for the =tion &we has hindered unambiguous andysii of the 
compressibilitp term. Furtber analysis is being undertaken to ascertain the quantitave contributions of 
each of tbese factors to the  overdl global volume of activrtion. 
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Trble 1 
Experimental conditions lor reaction of BPA 

BPA 
concentration 

(m0lW) 

.E4 
59 
59 
39 

solvent 
loading 
(4 

325 
0.1 - 35 
0.02 - 4 5  

Table 2 
Major products of BPA thermolysis 

Prodons 

Kert Toluene, Aniliae, Bendaniline 

Tetdin Toloen+ Aniline 

water 

Methanol 

Toluene, Aniline, Benzyl alcohol, Benzd+ailine 

Toluene, Aniline, N-Methylaniline, Benzaldehyde, Benrdtniline 

OD 
01 
03 
0 5  
08 
I.¶ 

Table 3 
Pseoddimt order rate constants 

Reaction in water at 386OC 

kl &timated 

P- 
C i l  [min4] 

0.0 
1280 

3350 
3660 
3880 

2720 

.193 
8276 
.0272 
a301 
. O S 5  
.OW 

0.0 
526.1 
1294.9 
1819.8 
2413.9 
33913 

22.1 

7.86 
C32 
1.98 
0.613 

158 

holding 
time 
(4 
5 - 5 0  
5 -  60 
5 -  50 
5 - 6 0  

8.98 
3.95 
4.12 
2.85 
1.95 

3.31 
2.82 
2.06 
1.59 
1.44 
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FIGURE I 
S u m m a r y  of B P A  yield for  all s o l v e n t s  

FIGURE 2 
BPA convcr t ion  a n d  p r o d u c t  selectivity 

0.7 

0.6 

0 5  

0.1 

0.3 

0 2  

0.1 

0 

"- 
r 

. - 0  0 ti, O 0 - - -  

, I I ,  I I I ,  I , -  
0 0.2 0.4 0.6 0.8 1 1 3 

A 

92 



i 

F I G U R E  3 
BPA conversion and product selectivity 

m a n  )n m.thQIo1. I - ea rmn 

0 0 2  0.1 0.6 0.8 I 1 . l  1.6 1.5 la 

Pigurc 4 
Proposed reaction pathways 

Pigure 4 a t  Neat  pyrolysis 

Pigure 4b1 Reaction i n  supercrit ical  solvent 
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INTRODUCTION 

The chemistry of c o a l  l iquefac t ion  i s  not very w e l l  understood, even a f t e r  more 
than two decades of research  i n t o  the  k i n e t i c s  and mechanism of the  process. There 
have been a number of models f o r  conversion proposed, most of them focused on the  
severa l  l iquefac t ion  products ,  including preasphaltenes. asphal tenes ,  o i l s ,  and 
gases. A survey of s o m e  of the models has been presented ( l ) ,  and a common fea ture  
among them is the  m u l t i p l i c i t y  of paths connecting a l l  of the components. 

Kinet ic  model s t u d i e s  have invar iab ly  been car r ied  out In organic donor media, 
and while the use of these  media may be convenient i n  l a r g e  sca le  conversion 
systems, they do not lend themselves well t o  labora tory  study of conversion. Not 
the l e a s t  s i g n i f i c a n t  of the  problems to be faced i n  such a study i s  t h e  unavoidable 
par t ic ipa t ion  i n  the o v e r a l l  chemistry of various i n t e r r e l a t e d  and in te r locked  f ree  
rad ica l  chain reac t ions ,  most of which having no d i r e c t  bearing on, and perhaps only 
a secondary r e l a t i o n s h i p  v i t h ,  the  l i q u e f a c t i o n  process. 

The complications presented t h i s  network of i n c i d e n t a l  reac t ions ,  coupled 
with the mult iple  r e a c t i o n  paths  to  products, prompted the study of the  k i n e t i c s  of 
coal l iquefac t ion  using s u p e r c r i t i c a l  water as  the  medium. The a c t i o n  of CO/wa te r  
t o  reduce both lov rank and bituminous c o a l s  t o  upgradea products has been known for  
more than half  a century,  having been introduced i n  the  work of Fischer  and Schrader 
( 2 ) .  Hydrothermal media are recognized as being exce l len t  solvents  f o r  aromatics, 
with t e t r a l i n  and naphthalene, f o r  example, being f u l l y  miscible  with water a t  a l l  
proportions a t  temperatures as  low as 30OoC (3) .  A review of the CO/water 
conversion process, inc luding  t h e  most recent  work, has recent ly  appeared ( 4 ) .  

In the research descr ibed here. batch runs were performed using samples of an 
I l l i n o i s  No. 6 coal  (PSOC 1098) In a s t i r r e d ,  300 m l  s t a i n l e s s  steel autoclave.  A l l  
of the runs were f o r  20 min a t  4OOOC. The only product considered is  the  toluene- 
soluble  f r a c t i o n  (TS), separated from t h e  toluene-insoluble  f r a c t i o n  (TI)  by simple 
f i l t r a t i o n .  

RESULTS 

Working Model. Our lrorRing model evolved from considerat ion of t h e  p r o f i l e s  
typ ica l ly  noted i n  the  modeling l i t e r a t u r e .  Products are seen to  grow with t i m e ,  
and then leve l  off a t  some l e v e l  below q u a n t i t a t i v e  conversion. A t  t h e  same time 
the q u a n t i t i e s  "unreacted coal"  decl ine,  l eve l ing  off a t  a Value above t o t a l  
conversion. 
conversion would depict  a c o l l e c t i o n  of organic  uni t s ,  connected t o  each o ther  
through a series of l i n k s  increas ingly  more d i f f i c u l t  to break. 

A p i c t u r e  of the coa l  organic  matr ix  der ived from t h i s  view of 
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On t h i s  basis conversion is l imited by coa l  s t r u c t u r e .  And i n  terms of the  
conventional homolytic scission/H-capping view of conversion, increased y i e l d s  of 
coa l  l iqu ids  a r e  therefore  obtainable  only through increases  in conversion 
temperature or residence time. Unfortunately, increases  i n  the thermal s e v e r i t y  of 
the  process r e s u l t  i n  products r e f l e c t i n g  the r i s e  of dea lkyla t ion  and aromatizat ion 
react ion8 a t  higher temperatures. Thus increased product y i e l d s  a r e  brought about 
a t  a considerable cost  t o  product q u a l i t y  (5). 

The f a c t  tha t  the  p r o f i l e s  of both t h e  desired so luble  product and t h e  
inso luble  product ("unreacted coal")  l e v e l  off a t  intermediate  values suggest a 
simpler model f o r  conversion. This scheme, presented i n  Figure 1, is our working 
model, and is tes ted  i n  the study descr ibed here .  In the  scheme coal  i s  par t i t ioned  
i n  p a r a l l e l ,  competitive routes  between i) reac t ion  with some reducing component i n  
the system t o  yield TS, and i i )  thermal l o s s  of conver t ib le  s i t e s  t o  y i e l d  char. In 
t h i s  work we have avoided cons idera t ion  of s p e c i f i c  mechanism f o r  decrease i n  
molecular weight with l iquefac t ion ,  including i n  p a r t i c u l a r  the  perceived need f o r  
thermal sc i ss ion  of C-0 and C-C bonds during conversion. 
simply as  a process requir ing some kind of nonspecif ic  reduct ion chemistry. 

Thus we view conversion 

This two-reaction scheme, i f  t r u l y  opera t ive ,  suggests  a view of the  p o t e n t i a l  
u t i l i t y  of l iquefac t ion  more o p t i m i s t i c  than t h a t  der ived from the convent ional ly  
accepted scheme. The y ie ld  of TS is  a funct ion of the r a t e s  of the  two reac t ions .  
Therefore an increase i n  the r a t e  of the TS route ,  or a decrease i n  the  r a t e  of char 
formation, would bring about increased TS y ie lds .  In turn,  an increase  i n  the r a t e  
of TS formation could be brought about with an increase  i n  the  reducing capac i ty  of 
the system, ra ther  than through an increase  i n  reac t ion  temperature. And thus i n  
pr inc ip le ,  increases  i n  TS y ie ld  t o  product q u a n t i t i e s  represent ing a l l  of the 
convert ible  port ion of the s t a r t i n g  coa l  could be obtained,  and a t  no cos t  t o  
product qua l i ty .  

CO/Water Conversions. In c o n t r a s t  t o  the more-or-less f ixed reducing capaci ty  
a v a i l a b l e  in conventional donor systems, the CO/water system offered cons iderable  
l a t i t u d e .  We had e a r l i e r  demonstrated t h a t  changes i n  the i n i t i a l  ph of the system 
brought about wide v a r i a t i o n  i n  the  TS y ie lds  for  I l l i n o i s  No. 6 coal  ( 6 ) .  In 
accord with the f indings of s e v e r a l  o ther  groups including Appell, e t  a l .  ( 7 ) ,  t h e  
conversions were found t o  be base promoted. The present  study included a range of 
i n i t i a l  pH values ,  and focused on a comparison of the r e s u l t s  in H20 with those from 
a s u b s t i t u t i o n  i n  p a r a l l e l  experiments of D20. 

The r e s u l t s  for  severa l  runs i n  the two media are presented in Figure 2 .  The 
f i g u r e  presents  a p lo t  of %-toluene so luble  products = q u a n t i t y  of P2 produced i n  
t h e  run (cold) .  There is a range of TS y i e l d s  from values  up t o  around 50% f o r  the  
p r o t i o  medium. These conversions were a t t a i n e d  by ranging the  i n i t i a l  pH from 7 t o  
13. 

We have pointed out t h a t  the water gas s h i f t  reac t ion  

CO + H20 4 H2 + C02 

p a r a l l e l s  the conversion ( 6 ) .  and the r e s u l t s  when presented as a funct ion of 
product H2 show tha t  the  hydrogen from t h i s  reac t ion  is not the  e f f e c t i v e  reducing 
species .  Thus i n  the f igure  is a r e s u l t  f o r  a run with H2/P20, plo t ted  a t  an 
absc issa  value equal t o  tho s t a r t i n g  quant i ty  of hydrogen (co ld) .  This point  f a l l s  
w e l l  below the 'CO/HZO r e s u l t s ,  and i t  is c lear  t h a t  t h e  TS y ie ld  is below tha t  which 
would be produced f o r  a run with CO y ie ld ing  t h a t  quant i ty  of hydrogen. 

~ 1 ~ 0  present i n  the  plot  is a r e s u l t  f o r  a conversion i n  t e t r a l i n  f o r  60 min at 
400°c. Again the hydrothermal CO system provides the superior  r e s u l t s ,  and a t  a I 
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shor te r  res idence t i m e .  

The major f ind ing  in t h i s  work is t h e  i so tope  e f f e c t .  We f ind  t h a t  the 
deuter io  system provides higher TS y i e l d s  than does t h e  p r o t i o  system. Moreover, t h e  
deuter io  r e s u l t s  l e v e l  off  a t  a s u b s t a n t i a l l y  higher conversion leve l .  This  r e s u l t ,  
an inverse i so tope  e f f e c t ,  is not very common in isotope e f f e c t  s t u d i e s ,  and has 
recent ly  been discussed by Keeffe and Jencks ( 8 ) .  The implicat ion of these  f indings 
as regards conversion mechanism and s t r u c t u r e  is considerable ,  and is discussed 
below. 

products of Conversion. Conversion product analyses a re  presented in Figure 
3. The procedure used here  is t h a t  developed by Parcasiu (9) ,  with which we have 
separated the toluene-soluble  f r a c t i o n s  i n t o  subf rac t ions  of increasing polar i ty .  
The TS f r a c t i o n s  f o r  d i f f e r e n t  coa ls  y i e l d  d i f f e r e n t  p r o f i l e s ,  and yet we f ind here  
f o r  the I l l i n i o s  No. 6 c o a l  t h a t  the TS f r a c t i o n s  f o r  conversion in water of 29% and 
60% are  v i r t u a l l y  the same. Further ,  t h e  TS f r a c t i o n  from the  t e t r a l i n  run is a l s o  
e s s e n t i a l l y  i d e n t i c a l  in i t s  p r o f i l e .  

T h i s  r e s u l t  can be considered along with t h e  molar H/C r a t i o s  f o r  both the TS 
and TI  f r a c t i o n s  from s e v e r a l  runs. s h o w  in Figure 4. We f ind  t h a t  within the  
bounds of the scatter in the  da ta ,  the r a t i o s  are unchanging with conversion. The 
T I  results include those from a run in which N2 replaced CO. 

DISCUSSION 
Taken alone,  the conversion p r o f i l e  from t h e  pro t io  work is cons is ten t  with the 

view tha t  the conversion of coa l  is l imi ted  by i ts  s t ruc ture .  Thus i f  t h e  organic 
port ion of coal  contained a l imi ted  network of breakable links, the  s c i s s i o n  of 
which would l i b e r a t e  about  50% of the material t o  TS product, then runs with 
increasing conversion capac i ty  would show increased conversion, leve l ing  off a t  
about 50% TS yield.  

The inverse  i so tope  e f f e c t ,  however. requi res  a d i f f e r e n t  p ic ture .  Thus a 
s i m p l e  change t o  the heavy medium brings about no t  only increased conversions, but a 
leve l ing  off of conversion a t  a s i g n i f i c a n t l y  higher l e v e l .  Whatever the  reduction 
mechanism, it is highly unl ikely t h a t  i s o t o p i c  switch from 'H t o  '8 would increase 
t h e  inherent  bond breaking capaci ty  of t h e  system. And so we conclude t h a t  the 
s t a r t i n g  coa l  must conta in  many more breakable l i n k s  than supposed above, but tha t  
some portion of the l i n k s  a re  l o s t  through o ther  reac t ions .  The proposed model i n  
F igure  1 is thereby confirmed. 

The f u l l  scheme f o r  conversion is presented in Figure 5. In t h i s  scheme, 
formate is par t i t ioned  between reac t ion  with coal ,  and a hydrogen ion t r a n s f e r  
reac t ion  with water t o  y ie ld  formic acid.  The a c i d  is unstable  a t  the conversion 
temperatures (lo), decomposing rapidly t o  carbon dioxide and hydrogen. Thus with 
t h e  switch from pro t io  t o  deuter io ,  the formic ac id  formation experiences a normal 
deuterium e f f e c t ,  i . e .  p r o t i o  > deuter io ,  and is slowed. The r e s u l t  is a n  increase 
in the s teady-state  concent ra t ion  of formate, and an accordant increase  in the TS 
y ie ld .  

These r e s u l t s ,  including most e s p e c i a l l y  the product da ta ,  cont ras t  decidedly 
with those discussed by Whitehurst e t  al. ,  noted above (5 ) .  
f ind  tha t  with increased reducing capac i ty  and a t  constant  temperature, the  system 
gives  increased y i e l d s  of product, and a t  no cos t  to  product q u a l i t y .  

r a t h e r  by t h e  k i n e t i c s  of t h e  reducing s t e p ( s ) .  
capaci ty ,  and where the  water gas s h i f t  reac t ion  can be suppressed, should provide 
even higher conversions t o  toluene-soluble products. 

In the  present  work, we 

I n  summary, we f i n d  t h a t  conversion is not l imi ted  by coal  s t r u c t u r e ,  but 
Systems w i t h  even g r e a t e r  reducing 

The products in t u r n  should be 
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no l e s s  r i c h  i n  hydrogen than those from lower conversion runs. 

It is s t i l l  necessary t o  br ing about an understanding of the  s p e c i f i c  reducing 
chemistry. From our present  da ta  we can conclude t h a t  the conventional thermal 
scission/H-capping sequence does not apply here. And s i n c e  the  TS product from 
t e t r a l i n  conversion is no d i f f e r e n t  from those from aqueous conversion, i t  would 
appear t h a t  the reduct ion i n  conventional donors breaks the same links broken by the  
hydrothermal system. 

Thus the quest ion of the nature  of c r i t i c a l  l i n k  s c i s s i o n  i n  convent ional  
Conversions must be reconsidered. Brower has recent ly  questioned the  convent ional  
scheme (11 a , b ) ,  and it is c l e a r  t h a t  the d e t a i l e d  mechanism of coa l  conversion i s  
Yet to  be developed. 

NOTE ADDED I N  PROOF. The model d e a l t  with here  demands tha t  the T I  f r a c t i o n s  
be unconvertible in subsequent conversion at tempts .  
work proceeding a t  p resent ,  i n  which the product from N 2 / w a t e r  runs is  being 
s tudied.  The product, v i r t u a l l y  f u l l y  toluene-insoluble, y i e l d s  only 5% TS y i e l d s  
i n  subsequent CO/water conversions. 
a r e  reduced to  only around 1 min, the  subsequent TS y i e l d s  a r e  s t i l l  below 10%. The 
char-forming reac t ion  must be very rapid at 4OOOC. 

That expec ta t ion  i s  r e a l i z e d  in 

I n  f a c t  when t h e  times f o r  the  N2/water runs 
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Figure 1. Working Model. TS = toluene soluble 

60 

v) 
50 

m 2 40 
W z 

30 
2 e 

10 

0 1  I I I I I 
0 

Figure 2. 

10 20 30 
PH (D (atm. cold) 

2 2  

Plot of TS vs Final H2. 
at 40OoC for 20 min. 

40 

The runs were 

98 



w 
CO/D20-400"C/20 min/60% - 

0 Tetralin-400°C/60 rninNO% - 

g40 

E20 

4 EZJ CO/H20-40O0C/20 min/29% 
-I 30 
U 
v) 

10 

0 
aR 

1 2  3 4 5 6 7 8 9 10 

H/C 

FRACTIONS 

Figure 3. SESC Separations of TS Fractions. 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0 TS m 

Composite 

0 TI 

0.4 I I I I I I I I I I 
0 10 20 30 40 50 60 70 80 

%CONVERSION 

Figure 4. H/C Ratios vs  %-Conversion. 
The N /H20 point refers to a run 
i n  whgch CO was replaced by N2. 

99 



co + oH--+Hco2- 

COAL 1 - CHAR 
Figure 5. Overall Scheme for Conversion in 

Hydrothermal Systems 

100 



EXTRACTION OF AWTRALIAN COALS WITH SUPERCRITICAL WATER 

John R. Kershaw and Laurence J. Bagnell 

CSIRO Division of Applied Organic Chemistry, 
G.P.O. Box 4331, Melbourne, Victor ia  3001, Aus t ra l ia .  ! 

INTRODUCTION 

The ex t rac t ion  of coals  v i t h  s u p e r c r i t i c a l  f l u i d s  is a promising route  
f o r  the  production of l iqu id  fue ls  and chemical feedstocks from coal. 
Generally, hydrocarbon so lvents ,  notably toluene,  have been used as the  
s u p e r c r i t i c a l  f lu id .  Supercr i t ica l  water e x t r a c t i o n  has not received the same 
a t t e n t i o n  and only recent ly  t h e  f i r s t  de ta i led  study w a s  reported.  In tha t  
work, Holder et al. ( 1 )  obtained high conversion f o r  e x t r a c t i o n  of a German 
brown coal  and a Bruceton bituminous coal with s u p e r c r i t i c a l  water a t  ca. 
375'C and 23 MPa. They reported conversions of 70-75% f o r  the  brown coal  and 
ca 58% for  t h e  bituminous coa l ,  when t h e  coa l  was i n j e c t e d  i n t o  the  reactor .  
However, the conversion was lower (ca 58% f o r  the brown coa l )  when the coal  
was present  during t h e  heating-up period. These high y i e l d s  cont ras t  with the 
work of Scarrah ( 2 ) ,  who obtained a conversion of approximately 35% and a 
l i q u i d  y ie ld  of only about 10% f o r  the  ex t rac ton  of a North Dakota l i g n i t e  at 
4OOOC and 28 MPa, while Holder e t  al.  a l s o  obtained very low conversion with a 
high sodium l i g n i t e  ( 1 ) .  In other  br ie f  r e p o r t s  (3-5) on t h e  ex t rac t ion  of 
bituminous coals with s u p e r c r i t i c a l  water, conversions were considerably less 
than produced with t h e  Bruceton coa l  (1). However, t h e  condi t ions  used in a t  
l e a s t  one of these s tud ies  ( 4 )  were not i d e a l  f o r  s u p e r c r i t i c a l  water 
e x t r a c t i o n  as the  solvent  densi ty  was r e l a t i v e l y  low. Nevertheless, there  
appears t o  be considerable v a r i a t i o n  i n  the e x t r a c t i v e  power of s u p e r c r i t i c a l  
water with d i f f e r e n t  coals. None of the  above r e p o r t s  discussed i n  any d e t a i l  
the chemical nature of t h e  products, nor how the products compare with those 
obtained from more conventional solvents .  

The p o t e n t i a l  use of s u p e r c r i t i c a l  water appears e s p e c i a l l y  a t t r a c t i v e  
f o r  the ex t rac t ion  of brown coals  with t h e i r  high water conten t ,  50-70% f o r  
Victor ian brown coa ls ,  thus  removing t h e  need f o r  a coal-drying s tage.  The 
drying and ex t rac t ion  of these low rank coals  would occur in a s i n g l e  
process. The purpose of the  present study was t o  i n v e s t i g a t e  the  f e a s i b i l i t y  
of the ex t rac t ion  of Austral ian black and brown coa ls  with s u p e r c r i t i c a l  
water. The chemical na ture  of the products is discussed toge ther  with a 
comparison with toluene ex t rac t ion  of the same coals .  

EXPERIMENTAL 

The analyses  of the  coals  used are given i n  Table 1. 

Su e r c r i t i c a l  gas e x t r a c t i o n s  
M e t h o d r r i e d  out  f o r  1 h a t  temperature  in a 1 1 semi- 
continuous reac tor  (6 ) .  The reactor  w a s  charged v i t h  coa l  (50 g dry bas is )  
and solvent (600 ml) and heated. When the  temperature reached 300°C, solvent 
( 1  1 h-1) was pumped v i a  a d i p  tube, which a c t s  as a pre-heater ,  i n t o  t h e  
bottom of the  reac tor  and through t h e  coal  bed. The pressure was control led 
by adjust ing t h r o t t l i n g  valves and the  gaseous phase w a s  condensed by a water- 
cooled condenser. 
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For t he  toluene e x t r a c t i o n s ,  t h e  work-up procedure was as described 
previously ( 6 ) .  
i n  water,  a f t e r  cooling and lowering of t h e  pressure ,  and p r e c i p i t a t e s  out i n  
the condenser and rece iver .  The product adhering t o  the s ides  of t h e  
condenser and rece iver  was co l l ec t ed  by washing with acetone and then THF. 
The aqueous suspension w a s  evaporated t o  dryness on a ro ta ry  evaporator and 
t h e  residue ex t rac ted  with acetone and THF. The so lvents  were removed under 
reduced pressure from the  combined acetone and THF so lu t ions  t o  give the t o t a l  
e x t r a c t  ( l i q u i d  product). I n  c a l c u l a t i n g  t h e  conversion f igu res ,  any product 
which was inso luble  in THF was assumed t o  be unreacted coal ,  which had been 
ca r r i ed  over. The l i q u i d  product was ex t rac ted  with hot toluene and the  
cooled so lu t ion  f i l t e r e d  t o  g ive  the  pre-asphaltene f r ac t ion .  After the 
toluene was removed under reduced pressure  from t h e  f i l t r a t e ,  t he  residue was 
re-dissolved i n  a small volume of to luene  and a 20 fo ld  excess of pentane 
added t o  p r e c i p i t a t e  t h e  asphal tene  which was f i l t e r e d  off .  
toluene were then removed from the f i l t r a t e  under reduced pressure  t o  give the 
o i l .  For  t h e  NaOH ex t r ac t ions ,  t h e  NaOH solu t ions  were neu t r a l i s ed  with 
HC1. The inso luble  ex t r ac t  w a s  washed with water and then ex t rac ted  with THF. 

Method B 
with a s t a i n l e s s  s t e e l  l i n e r .  The i n t e r n a l  volume of the autoclave with l i n e r  
was 420 ml. 
and maintained at tha t  temperature f o r  1 h. The residue was  washed out of the 
cooled r eac to r  with acetone, f i l t e r e d ,  washed with pyridine and then acetone 
and dried under vacuum. In some cases ,  g.c. analyses of the gases i n  the 
cooled reac tor  were ca r r i ed  out.  
Analy t ica l  procedures f o r  t h e  products were as described previously (7 ) .  

For the  water ex t r ac t ions ,  most of t he  ex t r ac t  is insoluble 

The pentane and 

Ext rac t ions  were carried out  i n  a 500 m l  rocking autoclave f i t t e d  

The au toc lave  w a s  charged with coa l  and so lvent ,  heated t o  380'C 

RESULTS AND DISCUSSION 

Good conversions were obtained f o r  ex t r ac t ion  of a number of Victorian 
brown coals a t  conditions (380'C and 22 XPa) close t o  the c r i t i c a l  temperature 
(374°C)  and p r e s s u r e  (22 @ a )  of water (see Table 2). The conversion 
increased as the  v o l a t i l e  matter content of these coa ls  increased (see Fig. 
1). Similar t rends  were a l s o  obtained f o r  toluene and 5% t e t r a l i n / t o l u e n e  
ex t rac t ion .  The highest  conversions were obtained f o r  the two pale l i thotypes 
(F and G). These were s l i g h t l y  lower than obtained by Holder e t  a l .  (1) f o r  
ex t r ac t ion  of a high v o l a t i l e  German brown coa l  and may be due t o  d i f fe rences  
i n  t h e  ex t r ac t ion  procedure. Except f o r  t he  low ash Loy Yang coal,  da t a  f o r  
the brown coals a r e  given on a dry mineral  and inorganic f r e e  (dmif) basis 
which is  the  prefer red  b a s i s  f o r  recording da ta  on these  coa l s  (8). The 
conversions were not a s  high f o r  Nillmerran (sub-bituminous) and Liddel l  
(bituminous) coals ( s ee  Table 2 ) .  
conversions fo r  ex t r ac t ion  of Bruceton coa l  v i t h  high reac tor  stirrer speeds 
which were not poss ib le  with our reac tor .  
da ta  i n  Table 2 are  the average of dupl ica te  determinations. 
v a r i a t i o n  between t h e  dup l i ca t e s  was 1.8%. The asphaltene and pre-asphaltene 
contents of the l i qu ids  a r e  high ( see  Table 2 ) ,  as is  the case with 
s u p e r c r i t i c a l  g a s  e x t r a c t i o n  us ing  hydrocarbon so lvents .  Two of t h e  coals ,  
Morwell and Yallourn were as-mined samples tha t  had not been dr ied  and were 
broken i n t o  small  p ieces  f o r  t h e  ex t rac t ion .  
with these coa ls  i nd ica t e s  t he  f e a s i b i l i t y  of ex t r ac t ing  ' w e t '  brown coals 
with s u p e r c r i t i c a l  water. 

Holder e t  a 1  (1)  only obtained high 

The conversion and l i q u i d  y ie ld  
Average 

The p r o d s i n g  r e s u l t s  obtained 

Ext rac t ions  of two of t h e  coa l s ,  Loy Yang and Coolungoolun, were a l s o  
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car r ied  out i n  a rocking autoclave (method B) mainly t o  a l low a n a l y s i s  of the 
gases to  be c a r r i e d  out .  The r e s u l t s  of these e x t r a c t i o n s  are shown i n  Table 
3. 
were ind ica t ive  of t h e  high carboxyl ic  content of t h e  brown coals .  
hydrocarbon gas  make was low as was the  y i e l d  of carbon monoxide. S tudies  of 
the  Pyrolysis  of Victor ian brown coa ls  have shown t h a t  s i g n i f i c a n t  q u a n t i t i e s  
of water a r e  evolved together  with the  carbon dioxide (9) .  The loss of water 
(and a l s o  hydrogen sulphide i n  the case of Coolungoolun coa l )  presumambly 
accounts f o r  some of t h e  d i f f e r e n c e  between t h e  conversion f i g u r e s  and t h e  sum 
of the e x t r a c t  y ie ld  and the  gas  f igures  i n  Table 3. The carbon dioxide y ie ld  
was not iceably lower on e x t r a c t i o n  of Coolungoolun coa l ,  which has  the  lowest 
oxygen content of the  seven brown coa ls ,  than f o r  e x t r a c t i o n  of Loy Yang coal. 

Chemical Nature of t h e  Product 

The high carbon dioxide y i e l d s  obtained, espec ia l ly  from Loy Yang c o a l ,  
The 

Analyt ical  d a t a  f o r  the  o i l s ,  asphal tenes  and pre-asphaltenes from the 
various ex t rac t ions  are summarised i n  Table 4. There appeared t o  be l i t t l e  
d i f fe rence  between t h e  l i q u i d s  produced from the coals  A-E under the same 
conditions (380"C, 22 MPa). This is not surpr i s ing  consider ing t h e  s i m i l a r i t y  
between the  coals  ( s e e  Table 1) .  The l i q u i d s  have a high oxygen and hydroxyl 
content ,  espec ia l ly  i n  the asphal tene and pre-asphaltene f r a c t i o n s ,  in keeping 
with t h e  high oxygen content  of these  coals. 
oils, asphal tenes  and pre-asphaltenes are higher than f o r  most coa l  l iqu ids .  

The H/C atomic r a t i o  of t h e  

13C-NMR spec t ra  showed the presence of s u b s t a n t i a l  amounts of  
unsubst i tuted a l k y l  chains ,  with a chain length of more than e i g h t  carbon 
atoms, in both t h e  o i l s  and asphal tenes  by s t rong  s i g n a l s  a t  ca 14, 23, 3 2 ,  29 
and 29.5 ppm, which are due t o  the respect ive a, 6, Y ,  6 and E carbons (10). 
Weak s igna ls  a t  ca 178 ppm indica ted  t h e  presence of COOH groups in t h e  oils 
and asphaltenes. 

Analyt ical  da ta  on t h e  res idues  from four  e x t r a c t i o n s  are given in Table 
5. The high c a l o r i f i c  value of the ex t rac t ion  res idues  i n d i c a t e s  t h a t  they 
should be a t t r a c t i v e  materials f o r  combustion. 

13C CP-MAS NMR spec t ra  were recorded f o r  Coolungoolun c o a l  and f o r  t h e  
residue from e x t r a c t i o n  of t h i s  coa l  with s u p e r c r i t i c a l  water. The major 
difference between t h e  two spec t ra  was a much more in tense  a l i p h a t i c  peak 
centered a t  30 ppm in t h e  spectrum of t h e  s t a r t i n g  coal. The decrease i n  the  
i n t e n s i t y  of the a l i p h a t i c  s i g n a l  on processing is in agreement with the  
a l i p h a t i c  na ture  of t h e  l i q u i d  product e s p e c i a l l y  t h e  presence of long 
methylene chains i n  t h e  oil and asphaltene. These methylene chains cont r ibu te  
s i g n i f i c a n t l y  t o  t h e  peak a t  30 ppm i n  t h e  s t a r t i n g  coa l  (11). 

The ex t rac t ion  of Coolungoolun coal  with s u p e r c r i t i c a l  water can be 
summarisied as:- 

Char, 57.6%, H/C=0.60, fa=0.84 
+ 

Pre-asphaltene, 7.6%, H/C-0.96, fa-0.79 + 
Asphaltene, 5.3%, H/C=0.99, fa=0.66 

+ 
O i l ,  13.2%, H/C-1.35, fa=0.47 + 

Coal H2° 
380 'C+ 
22 MPa 

H/C=0.87 
f a  = 0.62 

cog, 9.7% 
I 
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The conversion and l i qu id  y i e ld  both increase  considerably as the  
pressure  increases  ( s e e  Fig. 2 ) .  The asphaltene and pre-asphaltene content of I 
the  l i qu ids  a l s o  inc rease  with pressure (compare 5,6 and 7 i n  Table 2).  The 
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Extrac t ions  of Gelliondale coa l  were ca r r i ed  out  a t  38OoC, 42OOC and 
46OOC. There were  only small d i f fe rences  between the  conversions, l i qu id  
y i e l d s  and na tu re  of t h e  products a t  these  var ious  temperatures (compare 2 ,  3 
and 4 i n  Tables 2 and 4 ) .  This is somewhat su rp r i s ing  as i t  was expected, 



aromat ic i ty  than t h e  asphal tene  form t h e  to luene  ex t rac t ion .  
unable t o  expla in  whether the  d i f fe rences  between the  water and to luene  
e x t r a c t s  a r e  due t o  t h e  s u p e r c r i t i c a l  water e x t r a c t i n g  more polar  substances 
from the  coa l ,  o r  whether r eac t ions  occur between the  coa l  fragments and 
s u p e r c r i t i c a l  water which give rise t o  t h e  high oxygen content of t h e  ex t r ac t .  

Extraction with a l k a l i  and te t ra l idwater  mixtures 

This work is 

A considerable inc rease  i n  conversion of Morwell brown coa l  occurs when 
d i l u t e  sodium hydroxide was used i n  place of water ( see  Table 6 and Fig. 4 ) .  
Dilute sodium carbonate and formate had a similar e f f e c t  ( see  Table 6 ) .  The 
conversion and l i q u i d  y i e l d  increases  with t h e  molar i ty  of t h e  sodium 
hydroxide (Fig. 4 ) .  The d i s so lu t ion  of low rank coa ls  by sodium (o r  
potassium) hydroxide so lu t ions  has  been previously documented (11 -13 )  and; 
therefore ,  an increase  in conversion was expected. It is not iceable  t h a t  t h e  

I i nc rease  i n  l i qu id  y i e l d  is  mainly due t o  an increase  i n  t h e  pre-asphaltene 
I f r a c t i o n  (Fig. 4 ) .  The composition of the  o i l s  and asha l tenes  from the sodium 

hydoxide ex t r ac t ions  appear similar t o  those obtained form water ex t r ac t ion  

high hydrogen a romat i c i t i e s  than  from water ex t rac t ion .  
1 but the pre-asphaltenes from t h e  a l k a l i  ex t r ac t ions  have lower H/C r a t i o s  and 

Increase i n  conversion is a l s o  obtained with t e t r a l in /wa te r  mixtures (see 
Table 6) i n  an analogous manner t o  the  increased conversion with t h e  add i t ion  
of small amounts of t e t r a l i n  t o  toluene ( 6  and Fig.1). 

CONCLUSIONS 

This study ind ica t e s  t ha t  ex t r ac t ion  wi th  s u p e r c r i t i c a l  water could be an 
a t t r a c t i v e  route fo r  l i que fac t ion  of Victorian brown coa l s  . The low cos t  and 
ready a v a i l a b i l i t y  of t h e  so lvent  (water),  t h e  r e l a t i v e l y  high H/C r a t i o  of 
t he  ex t r ac t s ,  and a l s o  as ne i the r  hydrogen nor a coal-drying s tage  a r e  
required,  a r e  pos i t i ve  f ac to r s .  

1 
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Table 3 
.-with water (137 g) in a rocking autoclave (method B) at  380'C. 

Conversions and products  from e x t r a c t i o n  of V ic to r i an  brown coa l s  

Coal 

Loy Yang 24 45.6a 21.7a 16.ga 0.3a 0.4a 

Coolungoolun' 23 39.8b 21.3b 9.7b O.gb 0.7b 

a d a f ;  dmif; phenols (0.19%), acetone (0.23%), methanol (0.05%) and e t h y l  
methyl ketone (0.05%) were a l s o  formed. 

Table  5 Ana ly t i ca l  da t a  f o r  e x t r a c t i o n  r e s idues  

Ex t rac t ion  No. 2 3 4 8 

Moisture ( w t % )  10.8 10.6 9.8 6.0 
Ash (wtX d ry  bas i s )  8.9 9.2 9.4 3.6 
Vo la t i l e  Matter ( w t %  dry b a s i s )  31.7 27.1 21.6 26.6 
C (wtX d r y  bas i s )  71.8 73.9 76.2 76.3 
H (we% dry  b a s i s )  3.6 3.5 3.2 3.8 
N (we% dry  b a s i s )  0.7 0.7 0.7 0.7 
S (w% dry  b a s i s )  0.9 0.9 0.8 3.7 
H / C  atom. r a t i o  0.60 0.57 0.50 0.60 
Spec i f i c  energy (MJ/kg, dry  b a s i s )  27.5 28.1 28.9 30.4 
Aromatic carbon ( %  C) 84 

Table  6 
autoclave (method B) with aqueous so lven t s  (150 g) a t  38OoC 

Conversions f o r  e x t r a c t i o n  of Morwell c o a l  (15 g d ry )  in a rocking 

Solvent Conversion (wt% coa l  dmif) 

Water 
0.5 M NaOH 
0.25 M Na2C03 
0.5 M HCOONa 
10% Tetral in/Water  
20% Tetral inIWater  

48.7 
66.6 
63.8 
67.0 
55.3 
59.8 
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Table 4 Analyses of Liquid Products 

Extraction No. 1 2 3 4 5 6 7 8 9 10 

Oil 
H/ C 
0 (wtX)a 

- 

OH (wt%) 

Mol. W t .  

Aromatic H ( X )  

Aromatic c ( X )  

Asphalt ene 

A/ C 
0 (wt%) 

OH (wt.?) 

Mol. W t .  

Aromatic H (Z) 
Aromatic c (2;) 

Pre-asphaltene 

H/ c 
0 (an 
OH (wt.?) 

Mol. U t .  

Aromatic H ( X )  

Aromatic C ( X )  

1.40b 1.41 1.40 1.38 1.48 1.45 1.41 1.33 1.34 1.37 

9.2b 9.5 10.0 10.8 9.5 7.2 7.2 (9.3) 7.7 9.3 

4.1b 5.1 4.4 4.8 4.2 3.4 2.6 3.7 4.4 4.7 

28Sb 271 295 287 287 263 243 314 291 287 

16b 17 18 18 13 15 17 17 18 17 

40b 44 41 44 47 

1.23 1.07 1.09 1.08 1.26 1.13 1.07 0.99 1.02 1.11 

13.5 19.4 16.4 17.9 17.4 19.4 16.9 (18.3) 14.9 18.5 

7.2 10.3 10.0 11.6 9.3 9.2 10.1 

470 374 349 350 332 368 393 415 369 323 
28 36 35 36 27 33 36 34 32 33 

53 69 66 

0.88 1.03 0.99 0.97 

14.8 19.6 17.1 16.9 
0.96 0.93 0.93 

(21.1) 17.1 19.7 
8.3 

469 

45 42 43 

79 

a oxygen figures are by direct determination except for those i n  parenthesis which are 

by difference; corrected for bibenzyl 
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ABSTRACT 

S u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  is an a t t r a c t i v e  process  pr imar i ly  because the  
dens i ty  and s o l v e n t  power of a f l u i d  changes dramat ica l ly  with pressure a t  
temperatures near  t h e  cr i t ical .  I n  complex s u p e r c r i t i c a l  e x t r a c t i o n s ,  such a s  the  
e x t r a c t i o n  of c o a l ,  t h e  d e n s i t y  of t h e  s u p e r c r i t i c a l  f l u i d  should a l s o  change the  
e x t r a c t a b i l i t y  of t h e  coal .  In t h i s  experiment a non-reacting s u p e r c r i t i c a l  
f l u i d ,  to luene ,  was s tudied  t o  determine t h e  e f f e c t  of d e n s i t y  on the  coa l  
ex t rac t ion / reac t ion  process .  Ext rac t ions  were c a r r i e d  out  f o r  two t o  60 minutes 
at reduced d e n s i t i e s  between 0.5 and 2.0 and a t  temperatures  between 647 and 
698K. t h e  d a t a  obta ined  can be explained by t h e  hypothesis  t h a t  coa l  d i sso lu t ion  
i s  required preceding l i q u e f a c t i o n  reac t ions  and t h a t  t h e  degree of d isso lu t ion  
depends upon so lvent  d e n s i t y  and temperature. 

INTRODUCTION 

E a r l i e r  e f f o r t s  aimed a t  understanding s u p e r c r i t i c a l  e x t r a c t i o n  of coal used 
both  flow and b a t c h  r e a c t o r s .  

In the  f low c o a l  was packed i n t o  the  reac tor  and the  
s u p e r c r i t i c a l  f l u i d  w a s  passed through the bed of coa l  u n t i l  t h e  condensed 
e f f l u e n t  w a s  c l e a r .  The conversion was def ined as t h e  t o t a l  weight loss of the 
c o a l  due t o  e x t r a c t i o n  by t h e  so lvent .  

In batch s y ~ t e . m s ( ' ) - ( ~ ~ ) ,  t h e  coa l  and so lvent  were placed i n  a reac tor  and 

More recent  ~ t u d i e s ( l ~ ) * ( ~ ~ )  have employed a rap id  i n j e c t i o n  autoclave,  where 
c o a l  i s  i n j e c t e d  i n t o  a preheated s u p e r c r i t i c a l  so lvent .  Af te r  the  reac t ion  i s  
over  t h e  products  are quenched by passing water  through i n t e r n a l  cool ing c o i l s .  

heated toge ther  t o  t h e  r e a c t i o n  teapera ture .  

m e  g e n e r a l  t r e n d s  observed i n  t h e  s t u d i e s  d iscussed  above do provide some 
important i n s i g h t s ;  h igher  temperatures and higher  d e n s i t i e s  r e s u l t  i n  higher  
conversions p a r t i a l l y  because more coa l  d i sso lves  i n  t h e  s e r c r i t i c a l  solvent  a s  
temperature and d e n s i t y  are increased.  Blessing and Ross?') c o r r e l a t e d  the  coa l  
conversion t o  p y r i d i n e  s o l u b l e s  wi th  t h e  Hldebrand  S o l u b i l i t y  Parameter, 6 ,  which 
they  def ined as 

where P, is t h e  c r i t i c a l  p ressure  of t h e  medium i n  atmospheres, P ,  is  its reduced 
d e n s i t y  and pE i s  genera l ized  reduced d e n s i t y  of l i q u i d s ,  taken t o  be 2.66. They 
found t h e  product  p y r i d i n e  s o l u b i l i t y  t o  be a l i n e a r  func t ion  of 6 .  

EXPERIMeNTAL 
I_ -- 

Bruceton bi tuminous,  a P i t t sburgh  Seam c o a l  was  used i n  t h e  experiment. The 
The c o a l  was d r i e d  i n  vacuum @ 343 chemical a n a l y s i s  of  c o a l  i s  g iven  i n  ' b b l e  I. 

K p r i o r  t o  use  and s t o r e d  i n  g l a s s  conta iners  under n i t rogen .  

1 1 2  
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S u p e r c r i t i c a l  Coal Liquefact ion Procedure 

The experimental apparatus  i s  shown i n  Figure 1 and c o n s i s t s  of a I-L 
s t a i n l e s s  steel au toc lave  equipped wi th  a b g n e d r i v e  s t i r k e r  and a c o a l  i n j e c t i o n  
system. The reac tor  i s  charged with a known q u a n t i t y  of toluene depending on t h e  
f l u i d  d e n s i t y  d e s i r e d  f o r  t h e  experiment and i s  heated a t  3-4 Umin t o  t h e  
temperature desired.  Once t h i s  temperature is reached, ambient coa l  is i n j e c t e d  
i n t o  the  reac tor  from a c o a l  r e s e r v o i r  using h igh-pressure  Argon. lhe average 
weight of in jec ted  coa l  was 3Og. Reaction times are measured from t h e  time at  
which t h e  c o a l  is i n j e c t e d .  

The l i q u i d  and s o l i d  contents  were c o l l e c t e d  from t h e  r e a c t o r  and placed i n  
a n  e x t r a c t i o n  thimble which was then  placed i n  a soxhle t  u n i t .  'he contents  were 
then ex t rac ted  wi th  toluene u n t i l  t h e  e x t r a c t a n t  w a s  c l e a r  a f t e r  which t h e  thimble 
was d r i e d  and weighed. The weight of t h e  d r i e d  product is designated as toluene 
inso lubles .  

The conversion, based on the  e x t r a c t i o n  r e s u l t s .  are def ined below. 

Gases, Oils and Asphaltenes (GOA), X - 100 x 

(SaJLnJected ( 9 )  - to luene  inso lubles  (9) 
coal  i n j e c t e d  (g)  

All weights a r e  on a moiature and a s h  f r e e  b a s i s .  

) 

Discussion 

Experiments were c a r r i e d  out  wi th  Bruceton c o a l  and toluene a t  s u p e r c r i t i c a l  
toluene d e n s i t i e s  i n  t h e  range of 0.157-0.601 g/cc .  m e  temperature range s tudied  
w a s  647-698,K and t h e  r e a c t i o n  t i m e  was var ied  from two minutes t o  60 minutes. 

'he  r e s u l t s  of experiments a t  647K and reduced d e n s i t i e s  of 0.5 t o  2.0 
( toluene d e n s i t i e s  of 0.157 g/cc and 0.601 g/cc)  a r e  given i n  Figures  2a and 2b. 
lhe experimental r e s u l t s  show t h a t  to luene  s o l u b l e s  ( o i l s ,  asphal tenes ,  and gases)  
a r e  produced during t h e  react ion.  They a l s o  show t h a t  t h e  amount of toluene 
so lubles  formed a t  low r e a c t i o n  times increases  with both temperature and 
dens i ty .  In  addi t ion ,  s o l u b i l i t y  s t u d i e s  have shown t h a t  the  amount of a s o l i d  
which can  d isso lve  i n  a s u p e r c r i t i c a l  f l u i d  increases  wi th  d e n s i t y  and,  genera l ly ,  
with temperature. Hence, we  concluded t h a t  t h e  conversion of c o a l  t o  o i l s  + 
asphal tenes  + g a s e s  i s  i n  some sense  l i m i t e d  by t h e  d i s s o l u t i o n  of the  c o a l  i n  t h e  
so lvent .  

We hypothesize t h a t  t h e  only par t  of t h e  coa l  which undergoes r e a c t i o n  t o  
gas ,  o i l s  and asphal tenes  i s  t h e  d isso lved  f r a c t i o n ,  which increases  with 
temperature and dens i ty .  Increases  i n  t h e  d isso lved  f r a c t i o n  thus  lead  t o  higher  
conversions and f a s t e r  r e a c t i o n  r a t e s .  These(fqfversion products  then p a r t i c i p a t e  
i n  re t rogress ive  reac t ions  (Amestica and Wolf ) forming char ,  so t h a t  at longer  
times ( 1 5  minutes O K  more) t h e  y i e l d  of gases  + o i l s  + asphal tenes  decreases .  A t  
lower temperatures (647 K), the  re t rogress ive  reac t ions  are i n s i g n i f i c a n t  and 
conversion does n o t  decrease with time. 

The above hypothesis  is w e l l  explained by t h e  r e s u l t s  given i n  Figures  2a and 
2b. A t  a lower d e n s i t y  of 0.157 g/cc  t h e  f r a c t i o n  of c o a l  d i sso lved  i n  t h e  
s u p e r c r i t i c a l  f l u i d  i s  much lower than when t h e  d e n s i t y  of t h e  s u p e r c r i t i c a l  f l u i d  
i s  0.601 g/cc .  tlence, t h e  f r a c t i o n  of c o a l ,  which i s  converted t o  asphal tenes ,  
o i l s  and gases ,  i s  a l s o  lower. 

The r e s u l t s  of experiments at 673 K and reduced d e n s i t y  of 1.0 and 1.5 
( s u p e r c r i t i c a l  to luene  d e n s i t y  of 0.301 g / c c  and 0.444 g/cc)  are given i n  Figure 
3a. A s  observed a t  647 K. the  coa l  conversion t o  gases  + o i l s  + asphal tenes  
( toluene so lubles )  i n c r e a s e  wi th  r e a c t i o n  time and wi th  t h e  d e n s i t y  of t h e  

113 



s u p e r c r i t i c a l  f l u i d .  The re t rogress ive  reac t ions  are more s i g n i f i c a n t  now and 
hence,  t h e  to luene  s o l u b l e s  show a maxima in conversion with t i m e .  

The r e s u l t s  o f  experiments a t  698 K and reduced dens i ty  of  1.0 and 1 .5  
( s u p e r c r i t i c a l  to luene  d e n s i t y  of  0.301 g / c c  and 0.444 g / c c )  a r e  given in Figure 
3b. As observed a t  647 K and 673 K. t h e  c o a l  conversion t o  gases  + o i l s  + 
asphal tenes  ( toluena s o l u b l e s )  increases  with r e a c t i o n  t i m e  and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d .  The re t rogress ive  reac t ions  are more pronounced than t h a t  a t  
673 K but we s t i l l  observe a maxima in t h e  to luene  s o l u b l e s  a s  a func t ion  of 
reac t ion  t i m e .  The i n i t i a l  r a t e  of formation of toluene so lubles  ( a s  seen from 
t h e  s teepness  of  t h e  curves  of  toluene s o l u b l e s  versus  r e a c t i o n  t i m e )  is higher  a t  
h igher  d e n s i t y  and higher  temperature. Also n o t e  t h a t  t h e  amount of toluene 
so lubles  at  t h e  maxima is higher  when t h e  temperature and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d  is higher .  This is c o n s i s t e n t  with the  hypothesis  t h a t  the  
so luble  f r a c t i o n  o f  t h e  c o a l  increases  wi th  temperature  and d e n s i t y  of t h e  
s u p e r c r i t i c a l  f l u i d .  

Because c o a l  is heterogeneous in nature, a s  t h e  dens i ty  I s  increased,  heavier  
and heavier  c o a l  f r a c t i o n s  (as opposed t o  more and more of t h e  same f r a c t i o n )  a r e  
dissolved in t h e  s u p e r c r i t i c a l  f l u i d .  These would not  d i s s o l v e  i f  the  dens i ty  of 
t h e  s u p e r c r i t i c a l  f l u i d  were lower, and t h e  s u p e r c r i t i c a l  f l u i d  is, i n  genera l ,  
un l ike ly  t o  be s a t u r a t e d  wi th  any given f r a c t i o n  t h a t  is s u b s t a n t i a l l y  dissolved 
( i .e .  e i t h e r  zero O K  100% of a f r a c t i o n  is disso lved) .  For example, i f  coa l  is 
considered t o  be composed of  100 f r a c t i o n s  charac te r ized  by increas ing  molecular 
weight ,  more and more of t h e s e  f r a c t i o n s  d i s s o l v e  as dens i ty  i s  increased ,  b u t t h e  
s o l u b i l i t y  of a given f r a c t i o n  goes from (approximately) z e r o  t o  100% over a small 
change i n  dens i ty .  I f  a given f r a c t i o n ,  number 46 f o r  example, is disso lved ,  then 
more of t h a t  molecular weight group would d i s s o l v e  a t  t h a t  d e n s i t y  i f  i t  were 
present ,  but  none o f  t h e  undissolved f r a c t i o n s  would d i s s o l v e  regard lese  of t h e  
amount of c o a l  present .  Hence, t h e  f r a c t i o n  of t h e  c o a l  and not the  amount of 
c o a l  which d i s s o l v e s  in t h e  s u p e r c r i t i c a l  f l u i d  is a s t r o n g  func t ion  of dens i ty  
and temperature of t h e  s u p e r c r i t i c a l  f l u i d .  In  o t h e r  words. i f  the  amount of coa l  
i n j e c t e d  i n t o  the  s u p e r c r i t i c a l  f l u i d  a t  given temperatures and d e n s i t y  w a s  
reduced t o  i t s  half  value.  t h e  absolu te  amount d isso lved  w i l l  f a l l  by 50%. 

I f  t h e  amount o f  c o a l  i n j e c t e d  w a s  increased  i n d e f i n i t e l y ,  then  a poin t  might 
be reached where t h e  s u p e r c r i t i c a l  f l u i d  is s a t u r a t e d  wi th  d isso lved  coal .  I f  the  
amount of c o a l  i n j e c t e d  is increased beyond t h i s  va lue ,  t h e  f r a c t i o n  of dissolved 
c o a l  a n d  t h e  f r a c t i o n a l  c o a l  conversion w i l l  s t a r t  decreasing.  The amount of 
dissolved c o a l  in t h e  s u p e r c r i t i c a l  f l u i d  w i l l  be independent of t h e  amount of 
c o a l  i n j e c t e d  in such a case.  

Conclusions 

When c o a l  is contac ted  wi th  a non-donor s u p e r c r i t i c a l  f l u i d  a par r  of the  
c o a l  ins tan taneous ly  d i s s o l v e s  in t h e  s u p e r c r i t i c a l  f l u i d .  The d isso lved  coa l  
undergoes l i q u e f a c t i o n  reac t ions  which a r e  thermal  in nature  r e s u l t i n g  in toluene 
s o l u b l e  products  being formed from c o a l .  These products  can subsequent ly  undergo 
re t rogress ive  r e a c t i o n s  y ie ld ing  inso luble  mater ia l .  Hence t h e  toluene so lubles  
show a maxima I n  conversion wi th  time. 

The f r a c t i o n  of coa l  which d isso lves  ins tan taneous ly  in the  s u p e r c r i t i c a l  
f l u i d  increases  wi th  a n  increase  in the  d e n s i t y  and temperature of t h e  
s u p e r c r i t i c a l  f l u i d .  This e f f e c t  is similar t o  t h a t  genera l ly  observed f o r  the  
s o l u b i l i t y  of a s o l i d  i n  a s u p e r c r i t i c a l  f l u i d .  With a n  increase  i n  d e n s i t y  and 
temperature h igher  molecular  compounds present  in c o a l  go i n t o  s o l u t i o n ,  r e s u l t i n g  
in a n  undersatured s o l v e n t  wi th  the  f r a c t i o n ,  no t  t h e  amount, of t h e  c o a l  which is 
being dissolved.  
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TABLE 1 

Analysis of Bruceton Bituminous Coal 

ASH 

Carbon 
Hydrogen 
Sulfur  
Nitrogen 

3.93a 

82 .6gb 
5.56b 
1 .46b 
1 .7Zb 

a - moisture  f r e e  b a s i s  - moisture  and a s h  f r e e  b a s i s  
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VAN DER WAALS NIXING RULES FOR CUBIC EQUATIONS OF STATE 
(Applications for Supercritical Fluid Extraction Nodeling 

and Phase Equilibrium Calculations) 

T. Y .  Kwak. E. H. Benmekki and C. A. Ransoori 

Department of Chemical Engineering 
University of Illinois 

BOX 4348 Chicago, I 1  1 inois 60680 

Introduction 

There has been extensive progress made in recent years in research towards the 
development of analytic statistical mechanical equations of state applicable for 
process design calculations (l,2). However cubic equations of state are still 
widely useU in chemical engineering practice for calculation and prediction of 
properties of fluids and fluid mixtures (3). These equations of state are generally 
modifications of the van der Waals equation of state (4,5), 

P -  

which was 
extension 
following 

a -  

b -  

Eauat ions 

RT a 

v - b  V' 

- - -  c11 

proposed by van der Waals (4) in 1873. according to van der Waals for the 
of this equation to mixtures, it is necessary to replace a and b with the 
composition-dependent expressions : 

n n  
Z Z xi xj aij 
i j  
n n  

i j  
2 Z xi xj bij 

t21 

C3l 

[2] and [)I are called the van der Waals mixing rules. In these equations 
and b.., (i-j) are parameters corresponding to pure component (i) while 
and b;!. (i#j) are called the unlike-interaction parameters. It is customary 
.elate ihe unl i ke-interaction parameters to the pure-component parameters by the 

following expression : 

C41 

C51 

In Eq.[4] kij is a fitting parameter which is known as the coupling parameter. 
With Eq.[5] replaced in Eq.[3], the expression for b will reduce to the following 
one-summation form: 

n 

i 
b 0 Z Xi bii 

The Redlich-Kwong equation of state ( 6 ) .  

RT a 
p - - -  

v - b T4 v(v-b) 
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and the Peng-Robinson equation of State (7), 

RT a (TI 
PI-- 

v-b v (v+b) +b (v-b) 

a(T) 

a(Tc) = 0.45724 R' T: / Pc 

K = 0.37464 + 1.54226~ - 0 . 2 6 9 9 2 ~ '  

b = 0.0778 RTc/Pc 

- a(Tc) ( 1  + ~ ( 1  - T$ ) I '  

are widely used for thermodynamic property calculations. 

The Theory of the Van Der Waals Hixinq Rules - 
Leland and Co-workers (8-10) have been able to re-derive the van der Waals mixing 

rules with the use of statiscal mechanical theory of radial distribution functions. 
According to these investigators for a fluid mixture with a pair intermolecular 
potential energy function , 

uij (r) = c '  .f (r/uij) I J  

the following mixing rules will be derived : 

In these equations, cij is the interaction energy parameter between molecule i and 
j while u . .  is the intermolecular interaction distance between the two molecules. 
Knowing tt%t coefficients (a) and (b) of the van der Waals equation of state are 
proportional to c and u according to the following expressions : 

a = 1.1250 RT,V, = N, €03 

b = 0.3333 vc = No v3 

[I41 

C151 

We can see that Eq.[IZ] and Eq.1131 are identical with Eqs.[2] and [31 
respectively. Statistical mechanical arguments which are used in deriving Eq.[lZ] 
and Eq.[13] dictate the following guidelines in using the van der Waals mixing rules 

(1) The van der Waals mixing rules are for constants of an equation of state. 

(2) Equation [I21 is a mixing rule for the molecular volume, and Eq.[13] is a 
mixing rule for (molecular volume). (molecular energy). It happens that b and a 
of the van der Waals equation of state are proportional to (molecular volume) 
and (molecular volume). (molecular energy), respectively, and as a result, these 
mixing rules are used in the form which was proposed by van der Waals. 

(3) Knowing that u.. (for i # j), the unlike-interaction diameters, for 
spherical molecules I! equal to 
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Th is  w i l l  make the expression f o r  b i j  f o r  spher i ca l  molecules t o  be 

b i j  = [ ( b i i l / 3 +  b j j 1 / 3 ) / 2  1 3  [I71 

Then f o r  non-spher ical  molecules express ion  for b i j  w i l l  be 

I 

\ 
With the  use of these g u i d l i n e s .  we now d e r i v e  the  van der Waals m i x i n g  r u l e s  f o r  

t he  two representa t ive  equat ions o f  s ta te .  S im i la r  procedure can be used f o r  
d e r i v i n g  the  van der Waals m i x i n g  r u l e s  f o r  o ther  equat ions o f  s t a t e .  

H i x i n a  Rules f o r  t he  Redlich-Kwong Equat ion o f  S ta te  

The Redlich-Kwong equat ion  o f  s t a t e  ,Eq.[6], can be w r i t t e n  in  the  f o l l o w i n g  form: 

In t h i s  equat ion o f  s ta te ,  b has the  dimension o f  a molar volume, 

b = 0 . 2 6 ~ ~  = Noa 

Then the  mix ing  r u l e  f o r  b w i l l  be t h e  same as the  one f o r  t he  f i r s t  van der Waals 
m i x i n g  ru les ,  Eq.(3), However m i x i n g  r u l e  f o r  a w i l l  be d i f f e r e n t  f rom the  second 
van der Waals mix ing  r u l e ,  Eq.[2]. R-p;amet;r a appearing i n  the  Redlich-Kwong 
equat ion  of s ta te  has dimension o f  molecular energy) 312 (rnolecul a r  
volume), t h a t  i s  

( a = 1.2828RTc1*5vc = No(c/k)1*503) 

As a r e s u l t  the second van der Waals m i x i n g  ru les ,  Eq.[13]. cannot be used d i r e c t l y  
foj; &he a parameter o f  t he  Redilch-Kwong equat ion  o f  s t a t e .  However, s ince  
(R ab ) has the  dimension o f  (molecular energy). (molecular volume), t he  second 
van der Waals m i x i n g  ru les ,  Eq.[13]. can be w r i t t e n  f o r  t h i s  term. F i n a l l y  t h e  van 
der Waals mix ing  r u l e s  f o r  t h e  Redlich-Kwong equat ion  o f  s t a t e  w i l l  be i n  the  
f o l l o w i n g  form: 

n n  

i j  
b Z 2 x i  ~j b i j  

c201 

C31 

These mix ing  ru les ,  when j o i n e d  w i t h  the  Redlich-Kwong equat ion  o f  s ta te ,  w i l l  
c o n s t i t u t e  the Redlich-Kwong equat ion  of s t a t e  f o r  mix tu res  t h a t  i s  c o n s i s t e n t  w i t h  
the  s t a t i s t i c a l  mechanical b a s i s  o f  t he  van der Waals m i x i n g  r u l e s .  

n i x i n g  Rules f o r  t he  Pena-Robinson Equat ion o f  S ta te  

In  order t o  separate thermodynamic v a r i a b l e s  from constants o f  the  Peng-Robinson 
equat ion  of sate, we w i l l  i n s e r t  Eq.[8] and Eq.[9] i n  Eq.171 and we w i l l  w r i t e  i t  i n  
the  f o l l o w i n g  form : 

v c/RT + d - 2 J (c  d/RT) 
z = - -  

v-b (v+b) + (b/v) (v-b) 

r211 
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where c = a(Tc) (1 + I) and d = acrz/RTc 

T h i s  form of the Peng-Robinson equat ion of s t a t e  suggests t h a t  t he re  e x i s t  t h ree  
independent cons tan ts  which are b. C. and d. Now, f o l l o w i n g  the  prescr ibed 
gu ide l i nes  f o r  t h e  for  the van der Waals m ix ing  ru les ,  m i x i n g  r u l e s  f o r  b. c. and d 
of the Peng-Robinson equa t ion  o f  s t a t e  w i l l  be 

w i t h  the f o l l o w i n g  i n t e r a c t i o n  parameters : 

C231 

E241 

A p p l i c a t i o n s  for S u p e r c r i t i c a l  Fluid E x t r a c t i o n  hode l i nq  

A ser ious t e s t  o f  m i x t u r e  equations o f  s t a t e  i s  shown t o  be t h e i r  a p p l i c a t i o n  f o r  
p r e d i c t i o n  o f  s o l u b i l i t y  o f  so lu tes i n  s u p e r c r i t i c a l  f l u i d s  ( 1 1 ) .  I n  the present 
r e p o r t ,  we app ly  t h e  van der Waals , t h e  Redlich-Kwong and the  Peng-Robinson 
equations o f  s t a t e  for s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  of s o l i d s  and the  e f f e c t  o f  
choosing d i f f e r e n t  m ix ing  r u l e s  on p r e d i c t i o n  of s o l u b i l i t y  o f  s o l i d s  i n  
supercr i t i c a l  f l u i d s  . 
Thermodvnami c nodel 

S o l u b i l i t y  o f  a condensed phase, y2 , i n  a vapor phase a t  s u p e r c r i t i c a l  
cond i t i ons  (12) can b e  d e f i n e  as : 

P 

psat  
~2 (Pqat/P) (I /+) @qat Exp{ I (vSo"d/RT)dPl C281 

where i s  the f u g a c i t y  c o e f f i c i e n t  a t  pressure P. Provided we assume 
v,solid i s  independent o f  pressure and f o r  small  va lues  o f  o f  Pzsat  the above 
expression w i l l  be conver ted t o  the f o l l o w i n g  form: 

y2' (Pzsat/P1 ( l /d2) Exp { vzSo1 id (P-Pzsat) /RTl 1291 

In order t o  c a l c u l a t e  s o l u b i l i t y  from Eq.[29] we need t o  choose an expression f o r  
the f u g a c i t y  c o e f f i c i e n t .  General ly f o r  c a l c u l a t i o n  of f u g a c i t y  c o e f f i c i e n t  an 
equat ion of s t a t e  w i t h  appropr ia te mix ing r u l e s  i s  used (12) i n  the  f o l l o w i n g  
expression : 

[Sol 
OD 

RT I n  @i= [ (aP/ani)T,V,n - (RT/V)] dV - RTlnZ 
V j 

S o l u b i l i t y  C a l c u l a t i o n s  

I n  Figure 1 s o l u b i l i t y  o f  2.3 dimethyl naphtalene (DHN) i n  s u p e r c r i t i c a l  carbon 
d i o x i d e  i s  repo r ted  versus pressure a t  308 k e l v i n  a long w i t h  p red ic t i ons  us ing  the 
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van der Waals equat ion o f  s t a t e .  According t o  t h i s  f i g u r e  p r e d i c t i o n s  by the van der 
Waals equat ion o f  s ta te  w i l l  improve when Eq.[3], a long w i t h  combining r u l e  i n  
Eq.[17], i s  used as the  m i x i n g  r u l e  f o r  b instead o f  Eq.[3.1] which i s  cus tomar i l y  
used. This comparaison and o t h e r  s i m i l a r  comparaisons which a r e  r e p o r t e d  elsewhere 
( 1 1 )  f o r  other so lu te -so lvent  systems e s t a b l i s h  the  s u p e r i o r i t y  of double-summation 

mix ing  ru les ,  Eq.[3], f o r  b over s i n g l e  summatiom expression, Eq.[3.1]. 

I n  F igure  2 the  same exper imental  s o l u b i l i t y  da ta  as i n  F i g u r e  1 are  compared 
w i t h  p r e d i c t i o n s  using the  Redlich-Kwong equat ion  o f  s ta te .  According t o  t h i s  f i g u r e  
the  corected van der Waals m i x i n g  r u l e s  f o r  the Redlich-Kwong equat ion  o f  s ta te ,  
Eqs.[3] and Eq.[20], a re  c l e a r l y  super io r  t o  the m i x i n g  r u l e s  t h a t  a r e  cus tomar i l y  
used,Eq.[2] and Eq.[).I], f o r  t h i s  equat ion  o f  s ta te .  S im i la r  observa t ions  a re  made 
fo r  p r e d i c t i o n  of  s o l u b i l i t i e s  o f  o ther  s o l i d s  i n  s u p e r c r i t i c a l  f l u i d s  which w i l l  
no t  be reported here. 

The Peng-Robinson equat ion  o f  s t a t e  w i t h  i t s  customary m i x i n g  ru les ,  Eqs.[2] and 
c3.11, i s  w ide ly  used f o r  p r e d i c t i o n  o f  s o l u b i l i t y  o f  heavy s o l u t e s  i n  s u p e r c r i t i c a l  
gases and f o r  petroleum r e s e r v o i r  f l u i d  phase e q u i l i b r i u m  c a l c u l a t i o n s  (13-15). I n  
F igure  3 the same exper imental  s o l u b i l i t y  da ta  as in  Figures 1 and 2 are  compared 
w i t h  p r e d i c t i o n s  us ing  the  Peng-Robinson equat ion o f  s t a t e  w i t h  i t s  o r i g i n a l  m i x i n g  
r u l e s  w i t h  the  cor rec ted  m i x i n g  ru les .  According t o  F igure  3 c o r r e c t e d  van der Waals 
m i x i n g  r u l e s  o f  the Peng-Robinson equat ion o f  s t a t e  apparent ly  do no t  improve 
s o l u b i l i t y  p red ic t i ons  over t h e  o r i g i n a l  m ix ing  ru les .  However, v a r i a t i o n  o f  
s o l u b i l i t y  versus pressure f o r  the  new m i x i n g  r u l e s  i s  more c o n s i s t e n t  w i t h  the 
experimental data than the  o l d  mix ing  ru les .  A l s o  cons ider ing  the  f a c t  t h a t  new 
mix ing  ru les  fo r  the Peng-Robinson equat ion o f  s t a t e  c o n t a i n  th ree  adustable 
parameters (k. .  , l i j  and m i j )  w h i l e  the  o l d  mix ing  r u l e s  c o n t a i n  on l y  one 
ad jus tab le  paibmeter (k i  .), i t  makes the new mix ing  r u l e s  more a t t r a c t i v e .  To 
demonstrate the  s u p e r i o r i i y  o f  the  new mix ing  r u l e s  f o r  the  Peng-Robinson equat ion 
o f  s t a t e  we have repor ted  here F igures  4 t o  9.  According t o  these f i g u r e s  when the 
u n l i k e - i n t e r a c t i o n  adustable parameters o f  the  mix ing  r u l e s  a r e  f i t t e d  t o  the 
experimental data, the Peng-Robinson equat ion  o f  s t a t e  w i t h  the  cor rec ted  van der 
Waals mix ing  r u l e s  can p r e d i c t  s o l u b i l i t y  o f  heavy s o l i d s  i n  s u p e r c r i t i c a l  f l u i d  
more accura te ly  than w i t h  t h e  o r i g i n a l  m i x i n g  r u l e s  over d i f f e r e n t  ranges of 
temperature and pressure and f o r  d i f f e r e n t  so lu tes  and s u p e r c r i t i c a l  soi-ents.  

ApDl ica t ions  for C o r r e l a t i o n s  of Vapor-Liquid E q u i l i b r i a  

When app l ied  t o  both vapor and l i q u i d  phases , cubic equat ions o f  s t a t e  can be 
used t o  generate thermodynamically cons is ten t  data, p a r t i c u l a r l y  e q u i l i b r i u m  data. 
Good co r re la t i ons  o f  vapor - l i q u i d  e q u i l i b r i a  depend on the  equat ion  of s t a t e  used 
and, f o r  multicomponent systems, on the  mix ing  ru les .  

Thermodynamic 

I n  the  e q u i l i b r i u m  s t a t e , t h e  i n tens i ve  p r o p e r t i e s  - temperature, pressure and 
chemical p o t e n t i a l s  of  each component - are constant i n  the  o v e r a l l  system.Since the 
f u g a c i t i e s  a re  func t i on  o f  temperature,pressure and composi t ions , t he  e q u i l i b r i u m  
condi t ion  

can be expressed by 

The expression fo r  the  f u g a c i t y  c o e f f i c i e n t  4i depends on the  equat ion  of s ta te  
t h a t  i s  used and i s  the  same f o r  the  vapor and l i q u i d  phases 
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In calculations of mixture properties with the Peng-Robinson equation of state we 
used the following combining rules: 

C341 

C351 

C361 

A three parameter search routine using a finite difference Levenberg - Harquardt 
algorithm was used to evaluate the interaction parameters which minimize the 
objective f unct i o n 

H P (exp) -P (cal) C371 

i=l P (exp) 
O F = Z C  l i  

where H is the number of experimental points considered. 
The average pressure deviation is expressed as 

AF'/P - (OF/H) E381 

Phase Equilibrium Calculations 

Attention will be given to complex binary systems such as water-acetone. In 
order to apply the Peng-Robinson equation of state to such polar compounds , some 
modifications must be incorporated (16) .  These modifications concern the values of 
the pure-component parameters. 
The relationship (2 (Tr,w) for water must be changed to 

CY% = 1.008568 + 0.8215(1 - Tr%) 
this correlation is good for Tr* < 0.85 

Figures 10,ll and 1 2  show both the prediction by the Peng-Robinson equation of 
state with classical mixing rules and one parameter , k ! , ? .  fitted to bubble point 
data, and the net improvment provided by the proposed mixlng rules with three fitted 
paramaters. Figure 13 shows the Peng-Robinson prediction with new mixing rules and 
binary interaction parameters set to zero. It should be noted that no prediction is 
observed by the Peng-Robinson equation of state with classical mixing rules and 
binary interaction parameter, k l . 2 ,  equal to zero. 
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Nomenclature 
a. b, c,  d 
f 
k.  I, m 
n 

OF 
P 
T 

NO 

U 
V 
X 
Y 
2 
d 
0 

c 
W 

K 

SUbscriDts 
C 

:equation of state parameters 
:fugacity 
:binary interaction parameters 
:number of components 
:Avogadro number 
:objection function to be minimized 
:pressure 
:temperature 
:intermolecular potential function 
:molar volume 
:mole fraction 
:mole fraction in the vapor phase 
:compressibility factor 
:fugacity coefficient 
:intermolecular distance parameter 
:interaction energy parameter 
:acentric factor 
:a function of the acentric factor 

:critical property 
:component identification 
:sol Ute 
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f i g u r e s  10. 11, 1 2  : Phase behav io r  of acetone-water Systems. The s o l i d s  l i n e s  are 
the Peng-Robinson p r e d i c t i o n  t h e  cor rec ted  mix ing  
r u l e s .  The dashed l i n e s  a r e  for Peng-Robinson p r e d i c t i o n  w i t h  one f i t f e d  parameter 
and the  c l a s s i c a l  m i x i n g  ru1es.The do ts  and circles are exper imental  da ta  ( 1 7 ) .  

w i t h  th ree  f i t t e d  parameters and 

figure 13 : 
* ' t h  t h e  proposed m i x i n g  rules and the  b i n a r y  i n t e r a c t i o n  parameters ( k , , * ,  

I , , ~ ,  m,,2 1 equal to zero.  

Acetone-water system p r e d i c t e d  by  t h e  Peng-Robinson equat ion o f  s t a t e  
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